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results. 
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Notations 


e I, lj, l’—tmetric graphs (Definition 2.1). 

¢ T, Tj—metric trees, i.e. metric graphs without cycles. 
e N—the number of edges in the graph. 

e M—the number of vertices in the graph. 


e En, n= 1,2,..., N—the edges seen as intervals belonging to different copies 
of R. 

e V—the set containing all edges’ endpoints (see page 10). 

e V™”, m = 1,2,..., M—the vertices seen as equivalence classes of endpoints 


(Definition 2.1). 

e dm =d(V™)—the degree (valence) of the vertex V”. 

e u(V™), du(V™)—the vectors of all limiting values of a function u at the vertex 
V” defined in (3.3). 

e. Ù „0 Ü—the vectors of all boundary values of a function u at the edge’s endpoints 
(see (3.8.1) on page 51). 

e u(V™)—the common value of the function u at the vertex V”, provided the 
function is continuous (see page 120). 

e au(Vv") = >> xpev™ du(x,)—the sum of normal derivatives of the function u at 
the vertex V™” defined in (5.73). 

e Uy, Juy—the vectors of all common values at the vertices and sums of normal 
derivatives, respectively, provided the function u is continuous (see page 120). 

e od f—the set of contact vertices in the graph F (see Sect. 17.1.2). 

e i, d%°—the vectors of all common values at the contact vertices and sums 
of normal derivatives, respectively, provided the function u is continuous (see 
(17.6)). 

e §-matrices: 


— Se(k)—the global edge scattering matrix (see (5.37)); 

— S,(k)—the global vertex scattering matrix (see (3.54)); 
S = S,(1)—the general unitary matrix used to parametrise the vertex 
conditions at all vertices at once (see (3.52) and (3.53)); 

— S7 (k)—the vertex scattering matrix for the single vertex Vm given by (3.15). 


x Notations 


* Tq a—the magnetic Schrödinger differential expression (2.17). 

° L3, a(T)—the magnetic Schrödinger operator on the metric graph I determined 
by the (electric) potential q, the magnetic potential a, and the vertex conditions 
given by (3.53) parametrised by the unitary matrix S (see Definition 4.1). 

e M-functions 


— Mr(à)—the matrix-valued M-function associated with the contact set Ər 
and the magnetic Schrödinger operator LS T) (both dF and LS T) are 
assumed to be known) (see Chap. 17). 

— Mr (A)—diagonal blocks of the corresponding M-functions. 

— Mra, ), Mr, )—the corresponding M-functions with the indicated 
dependence on the magnetic fluxes through the cycles (see page 532). 


e R—the response operator associated with the contact set dV and the differential 
operator IS (T) (see (19.2)). 


Conventions 


e We use the following convention for the Fourier transform: 


û(p) = f e P u (x)dx. 
R” 
Then the inversion formula is 
u(x) = —— i e! %P) (x) dx. 
R” 
e The square root is fixed by the following conventions: 
AcCSk=Va, Imk=0, 
and 


A>0Sk=VA>0. 


e The scalar product is linear with respect to the second function 


(af, Bg) = XP f, g). 
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Chapter 1 A 
Very Personal Introduction chete; 


Where to Start? Differential operators on metric graphs appear naturally in 
numerous applications where one is interested in describing transport or propagation 
of waves on a metric graph—a set of edges (bonds) joined at their end-points 
forming vertices (summits). Such problems became popular in the last two decades 
and are known nowadays as quantum graphs, despite that it is not required 
that the investigated system has any quantum mechanical interpretation. Thinking 
about quantum graphs I often imagine a set of strings joined together forming a 
structure reminding a spiderweb, in this picture the spectrum is just the set of 
its eigenfrequencies. The systems that are modelled are not necessarily locally 
one-dimensional, it is enough that the dynamics is essentially restricted to a set 
of neighbourhoods of a few low-dimensional manifolds. Imagine for example the 
channels in Venice or Amsterdam: if you are interested in the shortest path, then 
approximation as a one-dimensional network is completely sufficient. If you look 
how different boats miss one another in the small channels, then their shape starts 
to play a role. Jf one has enough imagination! one may trace research on quantum 
graphs to the works of Klaus Ruedenberg and Charles W. Scherr [456] in the 50-ies 
or even of Linus Pauling in the 30-ies [425]. Research on differential operators 
on graph-like structures experienced a renaissance in the 80-ies pushed forward 
by fabrication of nano-electronic devices, and since then it is present at numerous 
conferences on mathematical physics, operator theory and differential equations. 
Quantum graphs form nowadays an attractive chapter in modern mathematical 
physics lying on the border between differential equations, discrete mathematics 
and algebraic geometry. Even other neighbouring areas of mathematics such as 
number theory and different types of zeta functions play a very important role in 
the area. What is most important is that this area is still rapidly developing with 
many unexpected results to surprise us. Let me just mention the recent discovery 


l I owe this citation to Evans Harrell. 
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2 1 Very Personal Introduction 


that Laplacians on metric graphs lead to explicit examples of crystalline measures, 
which occupied specialists in Fourier analysis for decades (see Chap. 10). 


Meeting Quantum Graphs Let me present here the history of my personal relation 
to quantum graphs without any desire to be impartial or fair. I met quantum graphs 
(long time before they got their name) for the first time in April 1987 when Pavel 
Exner and Petr Seba came all the way from Dubna to Leningrad to visit Boris 
Pavlov’s group and invite us to a completely new unexplored field of mathematical 
physics. It appeared that these problems fitted perfectly our interests connected 
with exactly solvable models in quantum mechanics. In particular extension theory 
for symmetric operators, well developed in Leningrad, play a very important role. 
One should mention publications by Yossi Avron [45—47] influenced the whole 
later development of the field. Research in the area just started and focus was 
on simple examples and straightforward transfer of methods and results from the 
classical mathematical physics. One example of this development can be found in 
[205], where a one-dimensional wire is coupled to a two-dimensional plane. I still 
remember Robert Schrader explaining to me that such coupling contradicts physical 
intuition and therefore the result in [205] is remarkable. Another example are the 
papers [235, 236] by Nikolai Gerasimenko and Boris Pavlov solving the inverse 
potential problem for the star graph. It was hard to expect at that stage that somebody 
would lift up general questions relating geometry of graphs to spectral properties of 
the corresponding Schrödinger operators. Surprisingly no one was even interested 
in giving a rigorous mathematical definition. It was not until 1999 when the paper 
[309] by V. Kostrykin and R. Schrader provided a clear definition of a rather general 
quantum graph, also many ideas can be found in [188, 206]. Reading the paper 
I realised that connection to geometry has to be clarified, therefore we started 
discussing this paper with two Master students Erik von Schwerin and Fredrik 
Stenberg leading to the paper [355], where our most important contribution was 
a clear relation between the self-adjoint operator and the topological structure of the 
underlying metric graph. The key point lies in which vertex conditions that should 
be allowed in order to properly reflect connections between the edges. 


In January 2002 Uzy Smilansky visited Lund university and spoke about nodal 
domains for metric graphs. The talk was very inspiring putting operators on graphs 
into a more general perspective. By the way, it was the first time I heard the name 
quantum graph, although it probably appeared few years earlier. I liked the idea 
behind the trace formula originally suggested by Boris Gutkin, Tsampikos Kottos, 
and Uzy Smilansky [252, 320, 321] and rigorously derived in our papers with 
Marlena Nowaczyk [346] few years later. 

It is not hard to understand that potentials on the edges play a secondary role if 
one is interested in understanding the relation between the geometry and spectrum. 
Hence one possible strategy is to study spectral properties of graph Laplacians 
first and bring back potentials later on using perturbation theory or the language 
of inverse problems, as we shall do. 


1 Very Personal Introduction 3 


Graph Laplacians The standard Laplacian on a metric graph is uniquely deter- 
mined by the metric graph and is usually called graph Laplacian, and its spectrum 
is identified as the graph’s spectrum. 

The eigenfunctions of the Laplacian are given by exponential functions on the 
edges, hence the spectrum of a graph can be identified with the zeroes of a certain 
trigonometric polynomial. This allows one to apply the apparatus of almost periodic 
functions and makes a bridge to the theory of quasicrystals. 


Another major idea is connected with the trace formula that relates the spectrum 
to the set of periodic orbits on the graph and can be used to prove that the spectrum 
uniquely determines metric graphs with rationally independent edges [252, 346] and 
obtain a formula for graph’s Euler characteristic directly from the graph’s spectrum 
(332, 333]. I cannot resist from mentioning that this formula has even been checked 
experimentally several years later in the group of Leszek Sirko [364, 365]. 

Felipe Barra and Pierre Gaspard [63] noticed that the spectrum of graph 
Laplacians can be obtained as the intersection between the zero set of a certain 
multivariate secular polynomial (determinant manifold) and a line. In this picture 
the secular polynomial depends entirely on the discrete graph, while the edge 
lengths give the direction vector for the line. This elegant description explains which 
features of the spectrum depend on the topology and which on the geometry of 
the metric graphs. Moreover it is possible to relate spectral properties of graphs to 
reducibility of the secular polynomials. 

To understand how spectral properties of graph Laplacians depend on the 
topology and geometry one may study behaviour of the spectrum under “small” 
topologic and geometric perturbations. These studies, grown up from our paper with 
Sergey Naboko [343], led to effective spectral estimates involving geometric and 
topologic characteristics such as the number of independent cycles, the total length, 
the diameter and the girth. I had the privilege to work on this subject with Gregory 
Berkolaiko, James Kennedy, Gabriela Malenova, and Delio Mugnolo [87, 88, 294]. 


Inverse Problems The area of inverse problems grew up from a remarkable article 
by Viktor Ambartsumian from 1929 where it is proved that the zero potential is 
uniquely determined from the spectrum of the corresponding Schrédinger operator 
on a bounded interval. The geometric version of this theorem for metric graphs was 
proven in collaboration with Sergey Naboko, while the result for arbitrary graph and 
zero potential is due to Brian Davies. Trying to combine these results for arbitrary 
graphs it was realised that the spectrum of the Schrödinger operator on a metric 
graph uniquely determines the spectrum of the graph Laplacian. The proof was 
based on the fact that the spectrum of the graph Laplacian is given by a trigonometric 
polynomial and therefore used the theory of almost periodic functions. In this way it 
was proven that the zeroes of such two functions coincide provided their asymptotics 
coincide. This result result is now proved for arbitrary holomorphic almost periodic 
functions and illustrates how research on quantum graphs influences neighbouring, 
but seemingly independent areas of mathematics [220, 357]. 
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Our studies of inverse problems started after the conference in Snowbird in 
2005 where speaking with Sergey Avdonin we realised that the Boundary Control 
method can be applied to solve the inverse problem on trees. The main difficulty in 
solving the inverse problem for general graphs is the interplay between the metric 
graph, vertex conditions and the potential. The fact that non-tree graphs may carry 
magnetic potentials, but operators with magnetic potentials are unitary equivalent to 
operators without magnetic potentials but with different vertex conditions, does not 
make the problem easier. Solving the inverse problem my main concern was that the 
procedure should be realisable in practice rather than obtaining of an academic result 
hardly interesting for applications. In this way the possibility to consider spectral 
data depending on the magnetic fluxes through the cycles appeared very attractive — 
this procedure is specific for quantum graphs. It was Boris Altshuler, who suggested 
me to look at quantum graphs with magnetic fields during Boris Pavlov’s retirement 
conference in Bay of Islands, 2007. 


Crystalline Measures Let us return back to 2005 and mention another important 
observation coming from the trace formula: 


For any fixed metric graph the trace formula provides an explicit example of a positive 
crystalline measure. 


This observation looked so strange that we contacted Jean-Pierre Kahane 
inquiring whether such measures are possible, other than the classical Dirac comb 
leading to Poisson summation formula. The answer was supporting but did not show 
much interest in obtaining such measures: 


Playing with Poisson formulas in several dimensions gives a lot of formulas on the line. 


Most probably Kahane did not realise that the new measures are positive and 
can be uniformly discrete. I did not understand the general importance of obtained 
measures for specialists in Fourier analysis, who put a lot of efforts in understanding 
whether such measures exist. In fact, as I learned later, the working hypothesis was 
that positive uniformly discrete measures are only those given by Dirac combs or 
their finite combinations. 


In December 2019 Yves Meyer came to Stockholm and spoke about crystalline 
measures at Institute Mittag-Leffler. He explained the status of the problem and 
presented a rather sophisticated construction of a signed crystalline measure 
assuming Riemann hypothesis. It was hard to wait until the end of the lecture to tell 
about our measures. It was clear that the measures associated with metric graphs 
are positive and uniformly discrete crystalline measures, but how to prove that these 
measures are not trivial? It was natural to take the simplest metric graph — the lasso 
graph and study its spectrum. The non-trivial part of the spectrum is given by the 
equation 


3 sin Ak + sink = 0, (1.1) 


where A depends on the edge lengths and only the case of irrational A is of interest. 
It was sufficient to prove that the solutions of the equation do not belong to a union 
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of a finite number of lattices. Denoting the zeroes by kn an even stronger sufficient 
condition can be formulated: 


dimg Lo{ kn =o, 


where Lo denotes the linear span with rational coefficients and the dimension is 
given with respect to the rationals. My expectation was that an abstract formulation 
can help to find an easy solution to the problem. After having tried myself I started 
to tease colleagues first in Stockholm and later on all over the world. Boris Shapiro 
passed my question to Peter Sarnak who saw the connection to Lang’s conjecture 
and showed that for this particular equation the set of zeroes does not contain 
any arithmetic sequence. He requested that there will be acknowledgement to him 
in the forthcoming paper. But the problem became even more exciting when we 
tried to prove the result for arbitrary metric graphs. It appeared that reducibility 
of secular multivariate polynomials are reflected in the arithmetic structure of 
the spectrum. Reducibility of secular polynomials is well-described by Colin de 
Verdiére’s conjecture that we proved on the way. We used the elegant description of 
the spectrum due to Barra and Gaspard [63]. 

Our first elementary example of a positive uniformly discrete crystalline measure 
based on Eq. (1.1) was generalised using stable polynomials [350]. Developing our 
ideas all such crystalline measures in one dimension have been characterised [414]. 
This is the second very encouraging example showing usefulness of quantum graphs 
to other areas of mathematics. 


Final Remarks This book is a result of my long journey through the country 
of differential operators on metric graphs. I tried to collect results reflecting my 
understanding of the subject and underline connections between different seemingly 
independent areas of research. For example it is hard to separate the area of 
inverse problem from the spectral estimates for graph Laplacian—this connection 
is straightforward. But relation of the spectrum to the topology of the graph or 
dependence of arithmetic properties of the spectrum on reducibility of secular 
polynomials surprised me a lot. 


You can see that destiny and pure luck played a decisive role in my relations 
to quantum graphs. What could have happened if Uzy Smilansky would not have 
visited Lund or a department meeting would prohibit me from attending Yves 
Meyer’s lecture at Institute Mittag-Leffler? Many of the results described in the 
monograph would not be discovered without interaction with my dear collaborators 
that often not only worked together with me but also contributed to my own studies. 
The influence from two of my colleagues was decisive for the appearance of the 
book 


e Sergey Naboko, with whom we spent a lot of time setting numerous mathemat- 
ical experiments and who infected me with his love to analysis in exchange to 
me spoiling him with the geometry of graphs. It is probably Sergey’s fault that 
the book did not appear earlier—he read and criticised the first chapters showing 
that the book was not mature. 
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e Peter Sarnak, who taught me to think from a broad perspective and fly high. 
One citation from Peter helped me several times on my way 


Mathematics is simple, one should just understand why. 


It is due to Peter that the book is lifted to a new level connecting quantum graphs 
to other areas of mathematics. 


All of you, including first of all my Master and PhD students, helped me during 
my work and often suffered from listening to unfinished arguments and vague 
explanations: 


e Sergey Avdonin e Delio Mugnolo 

e Gregory Berkolaiko e Jacob Muller 

e David Borthwick e Marlena Nowaczyk 
e Matthew de Courcy Ireland e Jonathan Rohleder 
e Ask Ellingsen e Alexei Rybkin 

e James Kennedy e Andrea Serio 

e Corentin Léna e Leszek Sirko 

e Annemarie Luger e Rune Suhr 


e Gabriela Malenova 


My special thanks go to Ask, Jacob, Jan, Jonathan, Matthew, and Rune, who read 
and commented the manuscript at different stages. If you find incorrect passages, 
this means that they were introduced by me alone after Jacob and Matthew finished 
reading the manuscript. 

This book would have never appeared without support from The Swedish 
Research Council (VR) through several individual research grants (in particular 
2013-4973, 2020-03780). 

I would also like to thank all participants in the Research group Discrete and 
Continuous Models in the Theory of Networks that we organised together with 
Fatihcan Atay and Delio Mugnolo at Zentrum für Interdiszipläre Forshung at 
Bielefeld (2012-2017). 

Special thanks go to Alexander von Humboldt Foundation (Germany) and 
Dept. of Mathematics, Stockholm Univ., who generously financed Open Access 
publication of the book. 


Further Reading 
Writing the book I tried to make it self-consistent and clear, but it is always helpful 
to consult other sources providing introduction into the area: 


— Yves Colin de Verdiére, Spectres de graphes [160], 

— Yu.V.Pokornyi, O.M. Penkin, V.L.Pryadiev, A.V. Borovskikh, K.P. Lazarev, 
S.A. Shabrov, Differential equations on geometric graphs [434], 

— Olaf Post, Spectral Analysis on Graph-Like Spaces [437]. 

— Gregory Berkolaiko, Peter Kuchment, Introduction to quantum graphs [81], 
together with earlier review papers by Peter Kuchment [326-328], 

— Pavel Exner and Hynek Kovařík, Quantum waveguides [194], 
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— Gregory Berkolaiko, An elementary introduction to quantum graphs [79], 
— Evans Harrell, Spectral theory on combinatorial and quantum graphs [259], 
— Ram Band, Sven Gnutzmann, Quantum graphs via exercises [51]. 


These books cover in particular the following important and very interesting 
topics not discussed in the monograph: 


e nodal domains on metric graphs; 

e quantum graphs as models for quantum chaos; 

e operators on metric graphs as approximations of fat graphs; 

e non-linear equations on graphs; 

e infinite graphs, in particular periodic graphs; 

e first order (Dirac) and higher order differential operators on graphs; 

e fractals on metric graphs; 

e Zeta-functions on graphs; 

e dissipative and, more generally, non-self-adjoint operators on graphs. 


It is unreasonable nowadays to provide a complete reference list to papers, where 
these and other subjects related to differential operators on graphs, are treated, 
especially since the area is exponentially growing and new papers will appear weeks 
after the publication of the book. Interested readers may read proceedings volumes 


— Peter Kuchment (ed.), Quantum graphs special section [325]; 

— Pavel Exner, Jonathan P. Keating, Peter Kuchment, Toshikazu Sunada, Alexander 
Teplyaev, Vladimir A. Geyler, Analysis on graphs and its applications [212]; 

— Gregory Berkolaiko, Robert Carlson, Stephen A. Fulling, Peter Kuchment (eds.), 
Quantum graphs and their applications [86]; 

— Fatihcan Atay, Pavel Kurasov, Delio Mugnolo, Discrete and Continuous Models 
in the Theory of Networks [35]; 


or simply consult publications by the researchers appeared above. Let me just 
add one name missing in the list above—of Uzy Smilansky—who is not only 
responsible for the name quantum graph, which grew up from the paper [320], but 
by his innovative ideas and brilliant observations shaped research in the area. 
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Chapter 2 A 
How to Define Differential Operators P 
on Metric Graphs 


2.1 Schrödinger Operators on Metric Graphs 


The main subject of our studies will be magnetic Schrödinger operators on metric 
graphs. Every such operator is determined by triple consisting of 


(1) a metric graph, 
(2) a differential operator acting on the edges, 
(3) certain vertex conditions. 


The three components of such a triple are not completely independent, and we are 
going to describe all members in detail. Our studies will be mostly restricted to self- 
adjoint operators, but the same methods can successfully be applied even to certain 
non-self-adjoint problems. 


2.1.1 Metric Graphs 


In discrete mathematics, graphs are usually defined as ordered pairs of vertices and 
edges with the emphasis on the first component—the set of vertices. This reflects 
the fact that one is interested in a certain jump process between the vertices, almost 
neglecting the dynamics on the edges. For differential operators, the edges play the 
crucial role which makes it necessary to turn the standard definition of graphs ‘up 
side down’ and start the whole construction with the edges. 

Let us recall first the definition of a graph used in discrete mathematics: 

A graph G consists of a set V of vertices and a set E of edges. Every edge 
connects two vertices and therefore can be seen as an element of V x V. Then E is 
a subset of V x V. 

To represent a graph, one often makes a drawing like it is done in Figs. 2.2 
and 2.3. Here fat points correspond to vertices, while lines represent the edges. It 
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is natural to generalise this definition and consider every edge as an interval on the 
real line having a certain length. Only the lengths of the intervals will be important 
for us. In this way we obtain a new object called a metric graph. Any two points on 
such a graph have a distance—the length of the shortest path connecting the points. 
Even in this approach, the edges seem to play a secondary role as they appear as 
weights attached to the edges. We prefer to change the point of view and start the 
whole construction with the edges. Here we are going to give a rigorous definition 
for graphs formed by a finite number of edges. 

Consider N compact or semi-infinite intervals E„, each belonging to a separate 
copy of the real line R: 


[X2n—-1, X2n],n = 1,2,..., Ne 
p= (2.1) 


[X2n-1, ©), n= Netla Net NEN, 


where Ne (respectively N;) denotes the number of compact (respectively infinite) 
intervals. Each of these numbers could be equal to zero. The intervals E, are called 
edges. It will be convenient to assume that x2n—1 < Xx2n. 

Consider the set V = {xj} = (UNE, (xa-1.x20}) U ( UN y 41 220-1) 
of all endpoints, and an arbitrary partition of V into M equivalence classes 
v™,m = 1,2,...,M, called vertices. In other words, we divide the set V into 
M nonintersecting sets V” 


V=Viuveu..-UV™, 


(2.2) 
v™ AV" = Ø, provided my 4 m2. 
The endpoints belonging to the same equivalence class will be identified 
x,y E V” >x~y, (2.3) 


where ~ denotes the equivalence relation induced by the partition. 


Definition 2.1 Consider N finite or semi-infinite closed intervals Æ, belonging 
to separate (disjoint) copies of R, called edges, and a partition of the set V of 


their endpoints into equivalence classes V™”, called vertices: V = OMY avin 
The corresponding metric graph T is the union of the edges with the endpoints 
belonging to the same vertex identified. 


Two points x and y are equivalent (x ~ y) if and only if either they belong to 
the same edge E, and are equal, or they belong to the same vertex V”: 


dE, : x,y € E, and x = y, 
x~yo (2.4) 
JV” : x,y e V”. 
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With this notation the graph I can formally be seen as the quotient metric space 
N 
r= u En/x ~ y. (2.5) 
n= 


A metric graph is called connected if any two points x and y in T can be 
connected by a path—a finite sequence of compact intervals J; = [y2j;-1, y2;j], j = 
1,2,..., J each belonging to a certain edge En, n = n(j), such that the endpoints 
in subsequent intervals are equivalent (belong to the same vertex) 


yay ~ Yajt, J =1,2,..., J — 1, 


and 


x= yi, Y= y7J. 


Note that such a path need not be unique. If the graph is not connected, then it is 
straightforward to define the number fo of connected components (the zero-th 
Betti number). We shall often restrict our studies to connected graphs. 

The distance d(x, y) between any two points x,y € T is the length of the 
shortest path connecting the points. Note that the distance between two points on 
the same edge may be less than |x — y|. We formally put d(x, y) = oo if x and y 
belong to different connected components. 

Every metric graph can also be seen as a singular one-dimensional manifold with 
the singular set given by the vertices. 

The number d” of elements in the class V™” will be called the valence or 
degree of V’’. If the graph has no loops (edges attached by both endpoints to the 
same vertex), then the degree of a vertex is equal to the number of edges joined 
together at it. In what follows we are going to identify the set of all endpoints 
V = {x2n-1, ea U ore A N.41 and the set of all vertices ga oa It is 
clear that 


M 
D:= 5 d” = 2N; + N; = #V, (2.6) 


m=1 


where #V denotes the total number of endpoints. 

The main part of this book will be devoted to compact finite graphs, which 
occur when N; = 0, i.e. all edges are finite closed intervals: N = Nec. On the other 
hand, non-compact graphs appear in applications related to scattering phenomena, 
and it is hard to avoid such graphs while speaking about vertex conditions (Fig. 2.1). 
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Fig. 2.1 Non-compact 
connected graph (star graph) 


Fig. 2.2 Connected compact 
graph 


For compact graphs, the Euler characteristic x is given by the formula 
x=M-N, (2.7) 


where M and N are the number of vertices and edges respectively. The Euler 
characteristic determines the first Betti number 6;—the number of (homotopically) 
independent cycles in the graph 


Bi = o- x. (2.8) 


It coincides with the number of generators in the fundamental group. 

For metric trees—connected graphs without cycles—the Euler characteristic is 
equal to one. For all other connected graphs, x is nonpositive: x < 0. 

The graphs presented in Figs. 2.2 and 2.3 have the same Euler characteristic equal 
to —3, but the number of independent cycles is different, namely 4 and 6, since they 
do not have the same number of connected components. 

Only the lengths lp = x2,—X2n-1, n = 1,2,..., Nc, of the finite edges are going 
to play a role in our studies not their particular parametrization. Therefore graphs 
with equal lengths of the edges will be identified, of course provided the edges are 
connected in the same way. For compact graphs we define their total length £ as 


N 
f= os (2.9) 
n=l 


It is clear that isometric compact graphs have the same total length. 
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Fig. 2.3 Compact graph with 
three connected components 


A parametrization of the edges naturally induces a measure on the graph T. 
Consider complex valued functions on I and the corresponding Hilbert space 


N 
L20) = Q Lo(xoj-1, x2)). (2.10) 
j=l 


Note that the functions from the Hilbert space are not defined pointwise, and 
therefore the Hilbert space does not reflect how the edges connect to each other. 
Particular values that a function attains at the vertices (forming a set of measure 
zero) do not play any role. In particular, we shall use 


N 
[toa=y | f(x)dx. (2.11) 
F aol En 


Even if the endpoints belonging to the same equivalence class V” are identified, 
in the case of functions that are continuous on the edges, it appears natural to 
introduce their values at the endpoints using the limits from inside the edges 


u(xj) = lim u(x). (2.12) 


Note that these limits may be different for x; belonging to the same vertex V”, so 
that the value of the function at the vertex, u(V”™), in general is not well-defined. 
It is well-defined only if all u(x;), xj € V™ are equal, that is if u is continuous 
not only on the edges but at the vertex V” as well. If the function is continuously 
differentiable on the edges, we introduce the normal derivatives 


jawis lim, x, u(x), xj is the left endpoint, (2.13) 


— liMmy>x; 4 u(x), x; is the right endpoint. 
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The limits are taken from inside of the corresponding interval. The normal deriva- 
tives are independent of the direction in which the edge is parametrised and always 
point inside the interval. Note that in contrast to function values, it is wrong to speak 
about continuity of normal derivatives at a vertex as the normal derivatives are not 
defined inside the edges. 

The introduced limiting values u(x;), Onu(x;) will be used for the vertex 
conditions. 

Consider for example the circle graph T (1.2) 1 formed by one interval [x1, x2] with 
the endpoints identified. Then the normal derivatives are given by 


Anu(xy) =u'(x1), — Anu(x2) = —u' (x2). 
Then the vertex conditions 


u(x1) = u(x), 
(2.14) 


dnu (x1) + Inu (x2) = 0; 


usually called standard (to be discussed below in Sect. 2.1.3) imply that 


u(x1) = u(x2), 
u' (x1) = u’ (x); 


i.e. that the function and its first derivative are continuous at the vertex. 


2.1.2 Differential Operators 


The differential operator describes the dynamics of waves or particles travelling 
along the edges. One may consider different operators depending on the particular 
phenomena one would like to describe. In this book we shall limit our consideration 
to the Schrödinger operator, which is standard for quantum mechanical problems. 
Other differential operators can also be studied. Some developed ideas can be used, 
but often serious modifications are necessary. 


' Here and in what follows considering graphs on one, two, and three edges we shall refer to their 
classification presented in Fig. 6.4 below. It is natural to use the same classification for metric and 
discrete graphs, so that the metric graph Tg. j) corresponds to the discrete graph Gq, j). Remember 
that graphs with different enumerations of edges and vertices are considered to be equivalent. 
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More precisely, we are going to consider the following three differential opera- 
tors: 


e the Laplace operator 


d2 
T = ——; 2.15 
IZ (2.15) 
e the Schrödinger operator 
2 
ty = -5 +40): (2.16) 
e the magnetic Schrödinger operator 
d 2 
Tq, a = (2 + a) +q(x). (2.17) 
dx 


The magnetic Schrödinger operator Tg,a describes quantum particles moving under 
the influence of the electric potential q and the magnetic potential a. If the magnetic 
potential is identically equal to zero, then we get the usual Schrödinger operator 
Tq = Tq,0- The case where both magnetic and electric potentials vanish corresponds 
to free motion and is described by the Laplace operator t = To = 70,0. 

In our studies we are going to assume that the potentials satisfy the following 
natural assumptions: 


(1) the potentials are real 
q(x), a(x) € R; (2.18) 
(2) the electric potential q is absolutely integrable 
q € Li (T), 
and satisfies Faddeev condition 
[atten aid < 00} 
(3) the magnetic potential a is continuous 


aeC(\V). 


Faddeev condition holds automatically for any q € Lı if the graph I is compact. 
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In the introductory chapters, we are going to use slightly stronger assumptions 
on the potentials. The reason is that without such assumptions the domain of the 
operator may depend on the potential, which makes presentation more involved. We 
postpone this discussion to Chap. 4 and assume here in addition to (2.18) that the 
(electric) potential is essentially bounded 


q € Lær) (2.19) 
and the magnetic potential is continuously differentiable on each edge 
a € CIT \ V). (2.20) 


The differential expressions (2.15), (2.16), or (2.17) do not determine unique 
self-adjoint operators, since one needs to specify the operator domain. We are 
going to see that the freedom in selecting the domain is not very broad, and is 
limited to selecting different vertex conditions. One may define certain maximal and 
minimal operators, so that the domain of any self-adjoint operator associated with 
the differential expression t,,, is always contained in the domain of the maximal 
operator, and includes the domain of the minimal one. 

The minimal operator is defined on the domain Dom (Lmin) = CCT \ V) 
consisting of smooth (i.e. infinitely many times differentiable) functions with 
compact support separated from the vertices. This domain is dense in the Hilbert 
space L2(T), and the operator defined by the differential expression Tq,a on this 
domain is symmetric, not self-adjoint.* (We shall prove the symmetry of Le by 
integrating by parts in (2.25).) The maximal operator is defined on the domain of 
all functions from the Hilbert space L2 (T) whose images (under the differential 
operator) are still in the Hilbert space: 


Dom (L74) = fu € Lo(V) : ty,au € Lo(T)}. (2.21) 


Since we assume here that q € L(I), the operator of multiplication by q 
is bounded, so tg.qu € L2(I) if and only if (i£ +a) u = —u" + 2iau' + 


2 We remind that an operator in the Hilbert space #H is called symmetric if 
(Au, v) = (u, Av) 


holds for any u,v € Dom (A). A densely defined symmetric operator is called self-adjoint if 
||(Au, v)|| < C || u || holds for a certain C = C(v) € R+ and any u € Dom (A) only if 
v € Dom (A). Note that due to Riesz representation theorem the last inequality implies that there 
exists a certain w € H, such that (Au, v) = (u, w) holds. In other words, a densely defined 
symmetric operator is self-adjoint if the domain of the adjoint operator A* coincides with the 
domain of A, then the action of the adjoint operator necessarily coincides with the action of the 
original operator. We reserve the name Hermitian for symmetric and self-adjoint operators in a 
finite dimensional Hilbert space. For details see any course on the theory of (unbounded) self- 
adjoint operators in Hilbert spaces, for example [90, 442] or Volume 4, Chapter 7 of [474]. 
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(ia’ +a’) u € L(V). The function (ia’ +a’) u belongs to L(I) since a is 
continuous (2.20). 

It follows that iu’ + au € W7(T \ V), and hence u € W3(T \ V), where W4 
denotes the Sobolev space. We have proven that 


Dom (17%) = W3(T \ V), (2.22) 
since every function from this domain is mapped by t,,, into a function from the 
Hilbert space. We stress once more that formula (2.22) holds under the assumption 
that g € Loo(I’). The maximal operator is not symmetric, but it is an extension of the 
minimal operator pen, since the differential expression Tq ,a is formally symmetric. 
Therefore any self-adjoint operator Lz ,q associated with the differential expression 
Tq,a satisfies: 


Dom (L950) C Dom (Lq,a) C Dom (LI). (2.23) 
Our task is to specify the domain of the self-adjoint operator Lg q. To solve such 
a problem it is standard to use von Neumann extension theory for symmetric 
operators which characterizes all possible extensions, but our goal is to describe 
those extensions that correspond to the graph I’. Note that neither the minimal nor 
the maximal operator respect how different edges are connected to each other—each 
of these operators can be written as an orthogonal sum of operators in L2(E,) : 


N N 
LAT) = Q LE), LXT) = Q LX En), (2.24) 
n=1 n=1 
max/min 


where to define Ly, (En) we consider each edge E,, as a graph formed by 
one edge. Thus selecting the domain of L,q one has to respect the topological 
structure. Therefore we prefer to use a constructive approach to describe the self- 
adjoint extensions.’ 

To understand whether an operator is symmetric or not it is useful to calculate 
the boundary form, which vanishes if the operator is symmetric. Let us calculate the 
boundary form for the maximal operator:4 


3 Another possibility would be to use the theory of boundary triples, since the minimal operator 
has finite deficiency indices (equal to the number of endpoints). In fact differential operators on 
metric graphs is an area where the theory of boundary triples can be applied. 

4 Here we use the convention from mathematical physics that the scalar product in a Hilbert space 
is linear in the second argument and anti-linear in the first one: (au, Bv) = w£ (u, v), a, B € C. 
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N F 5 
=% [ (iz +a) ro) u(x) + v(x)dx 


2 
-f u(x) - (iz +a(0) at] saas} 
En dx 


d 
E | 7 (+ 7 iac) u(x) - v) =Xon—1 
Z1 
+ Se, (4 — ia(x)) u(x) - (4 — ia(x)) v(@x)dx 


+u(x) g 0 v(x) =X2n-1 


-fen (Gea ia(x)) u(x) -(4 = ia(x)) vas} 


= > [UG va) — ue) wa}, 
xjeV 


(2.25) 


where we used notations (2.12) and the extended normal derivatives determined 
by 


d 
lim (fue — iaou) , xj; is the left endpoint, 
x—>xj \ dx i 


du(xj) = (2.26) 


m (4 u(x) iaou) , Xj is the right endpoint. 
Paces 
The limits are taken as x approaches the endpoint x; from inside the edge. In the 
case of zero magnetic potential, the extended normal derivatives coincide with the 
normal derivatives dyu(x;) introduced earlier (2.13). The limits in (2.25) exist since 
the functions u and v belong to the Sobolev space W3 (En). In formula (2.25), one 
should ignore the right endpoints in the case of semi-infinite edges. We see that the 
boundary form does not necessarily vanish if no further conditions on the functions 
are introduced. 

The minimal operator i is symmetric, since it is given by the same differential 
expression on the domain Dom (LT) =C T\V c wer \V) = Dom Cieae 
and the values u(x;), du(x;) are equal to zero: 


(L3 aus v) = (u, Lina): 
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The differential operator Tq,a can be made self-adjoint by restricting the maximal 
operator using certain vertex conditions described below: in the following subsec- 
tion we give an example of such conditions, while the most general case is discussed 
in Chap. 3. 


2.1.3 Standard Vertex Conditions 


The vertex conditions are needed in order to make the differential operator self- 
adjoint, but their role is not limited to this. These conditions should relate only the 
values u(x;), du(x;) associated with the same vertex. These conditions should also 
be irreducible so that the vertex cannot be divided into two or more smaller vertices 
(in which case the vertex conditions would connect the values belonging to each of 
the smaller vertices separately). Then the vertex conditions would correctly reflect 
how different edges in I are connected to each other. 

The set of all appropriate vertex conditions is well-understood and will be 
described in Chap. 3. We start with describing here the most natural conditions to 
be called standard vertex conditions imposed at each vertex V” 


xi, xj € V” => u(x;) = u(x;) — continuity condition, 
3 du(xj;) =0 — Kirchhoff condition. (2.27) 


s m 
xjeV 


For every m formula (2.27) gives d” independent conditions on the function u, 
where d” is the valence of the vertex V”. These two conditions together are 
sometimes called Kirchhoff, Neumann, natural, or free in the literature, but we 
prefer to reserve the name Kirchhoff for the balance condition on the derivatives 
alone. 

For degree one vertices, these conditions are reduced to just one Neumann 
condition as follows 


du(xj) =0, xj e V”, aM =1. (2.28) 


This fact explains why standard vertex conditions are often called Neumann. 

In the case of two intervals joined together, the standard vertex conditions imply 
that the function and its extended derivative are continuous at this vertex. The vertex 
can be removed in this case and two intervals may be substituted by one with the 
length equal to the sum of the lengths of the two original intervals. This property 
explains why standard conditions are sometimes called free. Any other condition at 
such vertex corresponds to a certain point interaction or separates the two intervals. 

We have just described so-called standard vertex conditions. These conditions 
are often chosen when it is not known which particular properties of the vertex are 
required from the model. 
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2.1.4 Definition of the Operator 


In this subsection, we are going to sum up our discussions and define the standard 
magnetic Schrédinger operator under stronger assumptions (2.19) and (2.20) on the 
potentials. 


Definition 2.2 The standard magnetic Schrödinger operator La is defined by 
the differential expression (2.17) on the domain of functions from the Sobolev space 
we(r \ V) satisfying the standard vertex conditions (2.27) at all vertices. 


The standard Schrédinger and Laplace operators are defined similarly. In what 
follows we shall often use the simplified notation L,,, for the operator with 
standard vertex conditions. This is motivated by the fact that the standard operators 
are uniquely determined by the metric graphs and the differential expressions. 
Moreover, the standard Laplacian is determined by the metric graph alone. 

The standard operators are self-adjoint. This fact will be proved in the following 
chapter, but already now we can see that these operators are symmetric. Consider 
the boundary form given by (2.25), and rearrange the summation as follows 


M 
=) || do ep] vv) — a) | DT ave | f =0. 


== a m * m 
m=1 xjeV xjeV 


=0 =0 


Note that the values u(V”), v(V”™) are well-defined, since the functions satisfying 
the standard vertex conditions are continuous even at the vertices. The sum of the 
extended normal derivatives over each particular vertex is zero due to the Kirchhoff 
condition in (2.27), hence the boundary form is zero implying that the operator is 
symmetric. 

In what follows we are going to call by quantum graph any Schrödinger 
operator on a metric graph referring to its spectrum as the spectrum of the 
quantum graph. The standard Laplacian is uniquely determined by the metric 
graph, therefore we are going to refer to its spectrum as the spectrum of the metric 
graph. Several chapters below will be devoted to the spectral analysis of metric 
graphs. 


2.2 Elementary Examples 


In this section we are going to look at a few examples of quantum graphs and 
calculate their spectra. A function Yy € L2(T) is an eigenfunction of the operator 
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Fig. 2.4 The circle graph 
Faz 


Le a if and only if it satisfies the eigenfunction equation 


d 2 
E q a(x)) We) + g(x) = AWE) (2.29) 


on every edge and vertex conditions at every vertex, in our case standard vertex 
conditions (2.27). Here, à is the spectral parameter. Generalised eigenfunctions 
corresponding to the continuous spectrum are not necessarily from L2(T) but 
satisfy the same differential equation and vertex conditions. We are going to 
discuss spectral properties of quantum graphs in more detail later on, but consider 
elementary examples here. In all these examples the potentials will be identically 
equal to zero, hence we are going to look at spectral properties of metric graphs. 


The Ring Graph Consider the ring graph I'(,2) depicted in Fig. 2.4. The corre- 
sponding standard Laplacian L has purely discrete spectrum and we are going to 
calculate it. It is clear that only the length of the interval is important hence let us 
identify the edge with the interval [x1, x2] = [—¢1/2, €1/2], €1 is the length of the 
ring. 


The differential equation (2.29) takes the form 
—-w=ky, =k, (2.30) 
and the standard vertex conditions (2.27) are 


tar = yY (41/2, 
Ww (— 1/2) = Y2. 


Consider first the case à = 0, then the general solution to the differential equation 
is given by 


w(x) = Ax + B. 


Substitution into the vertex conditions gives a unique (up to a multiplier) eigenfunc- 
tion 


Wi(x) = 1. 
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Assume that A Æ 0 then any solution to the differential equation (2.30) can be 
written as 


w(x) = cı cos kx +c2sinkx, ci,c2 € C. (2.31) 
Substituting (2.31) into the vertex conditions, we get the homogeneous linear system 


cos k£1/2 - cı — sin k£1/2 - c2 = cos k£1/2 - c1 + sin k£1/2- c2, 
k sin k£1/2 - c1 + k cos k£1/2 - c2 = —k sin k£1/2 - c1 + k cos k£1/2 - c2, 


sin k£ /2 "C2 = 0, 
=> 
sinké;/2 +c, = 0. 


2 
The eigenvalues (3) n? n = 1,2,3,..., have multiplicity 2 with the eigenfunc- 
1 
tions 


Ww, (x) = cos (Fa) , We(x) = sin (Fn) . 
Ly ey 


The eigenfunctions can be divided into even and odd ones due to the fact that the 
operator is invariant under the change of variables x +» —x. The appearance of 
multiple eigenvalues distinguishes this operator from any Schrödinger operator on 
a finite interval. Of course the eigenvalues satisfy Weyl’s asymptotic law (see (4.25) 
below). 


The Lasso Graph Next consider the non-compact lasso graph T formed by a ring 
and one semi-infinite interval attached to it. This graph can be defined as a union of 
two intervals [x1, x2] and [x3, oo) with the endpoints x1, x2, and x3 identified, i.e. 
the graph has one vertex y! = {x1, x2, x3} (Fig. 2.5). 


Consider the standard Laplace operator L defined on the functions from wer \ 
V!) and satisfying standard vertex conditions at the vertex V!. 

The spectrum of L is formed by the branch [0, oo) of absolutely continuous spec- 
trum and an infinite sequence of (embedded) eigenvalues àn tending to +00. The 
generalised eigenfunctions corresponding to the absolutely continuous spectrum are 
solutions to the differential equation (2.30) satisfying the vertex conditions that are 
bounded linear functionals but do not belong to the domain of the operator or even 


Fig. 2.5 Non-compact lasso 
graph 


T3 (0.0) 
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to the Hilbert space. These functions are given by a combination of incoming and 
outgoing waves on the semi-infinite edges.” 

For the sake of convenience, let us choose the parametrization of the edges so 
that 


Ey = [x1, x2] = [~£1/2, €1/2], E2 = [x3, 00) = [0, o0). 
The operator is invariant under the change of variables 


=x, x E€ Ej, 


nx] 
x, x € Ed, 


defined on functions as 


Jf (x) = fx). 


This change of variables preserves all points on the semi-infinite interval and 
reflects the finite interval. Even and odd eigenfunctions can be calculated separately. 
The eigenfunctions including generalised eigenfunctions corresponding to the 
absolutely continuous spectrum are solutions to (2.30) on every edge satisfying the 
standard vertex conditions at the vertex. 

The odd eigenfunctions satisfying Ju = —u are necessarily equal to zero on the 
semi-infinite interval. On the loop these functions are given by 


y =csinkx. 
Substitution into the vertex conditions gives: 
csinké;/2 = csink(—£,)/2 = w(x3) = 0; 
kc cos k£1/2 — kc cosk(—£1)/2 + Y’ (x3) 
= kc cos k£1/2 — kc cos k(—£1)/2 + 0 = 0. 


The second condition is satisfied for any k, while the first condition gives us the 
quantization rule: 


; 27 
sink£1/2 = 0 > k = is n=1,2,... 
1 


The corresponding eigenvalues are 


Qn N? 2 
— |] n^, n=1,2,3,.... 
ti 


5 For example the Dirichlet Laplacian on [0, 00) has generalised eigenfunctions Y = sinkx, k € 
R+, which are uniformly bounded solutions of (2.30), which in addition are equal to zero at origin. 
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The even eigenfunctions are scattered waves y and we use the usual representa- 
tion with the reflection coefficient R 


ccoskx, x EE, 


fj : (2.32) 
exp(—ikx) + R(k) exp(ikx), x € Ep. 


W(x) -| 


The component yz, is written as a sum of the incoming wave exp(—ikx) with the 
unit amplitude and of the outgoing wave exp(ikx) with the amplitude R in order 
to recall the scattering theory for the one-dimensional Schrödinger equation, where 
this representation holds asymptotically for large x [442]. The coefficient R is then 
called the reflection coefficient. Substitution into the vertex conditions gives the 
2 x 2 linear system 


ccosk£/2=1+R = coskt/2 —1 c\ (1 
2ck sin k£/2 + ik(—1+ R) =0 2sinke/2 i R) Na 
Solving the system we get the reflection coefficient 


cos k£/2 + 2i sin k£/2 


R(k) = = . 
cos k£/2 — 2i sin k£/2 


(2.33) 


The reflection coefficient has modulus one on the real axis k € R. The singularities 
are situated at the points where tan k£/2 = —i/2. These points are different from kn 
calculated earlier. 

It follows that the discrete spectrum of the operator on a graph cannot always be 
determined from the corresponding scattering coefficient, which is the case for the 
Schrödinger operator in R”. In our example, the discrete spectrum eigenfunctions 
and the scattered waves belong to different subspaces in the Hilbert space L2(T), i.e. 
the eigenfunctions possess different symmetries, hence it is not surprising that the 
singularities of the scattering coefficient do not coincide with the discrete spectrum. 
One may think that this phenomena occurs just due to the symmetry of the graph 
T. In my opinion, the symmetry just facilitates occurrence of this phenomena, but 
is not necessary. The reason that the discrete spectrum eigenfunctions are not seen 
from the scattering coefficient is that they are vanishing at the vertex V!. 


Figure Eight Graph and Isoscattering Using symmetries of metric graphs, one 
may construct interesting examples of isospectral and isoscattering graphs. Two 
quantum graphs are called isoscattering if the corresponding scattering matrices 

are equal. Of course the isoscattering property depends heavily on the potential. 
Since the Laplace operator on a metric graph is uniquely determined by the metric 
graph, one speaks about isoscattering graphs if the scattering matrices for the two 


6 Tf you are not familiar with the definition of the stationary scattering matrix, consult Sect. 3.3.1 
(where the vertex scattering matrix is introduced) or Sect. 18.3.2 (where formal definition can be 
found). 


2.2 Elementary Examples 25 


Laplacians coincide. The first example of isoscattering graphs was constructed in 
[355], and is presented in Fig. 2.8. It is assumed that the following relations between 
the lengths of the graphs hold: 


ame — pi F. _ pl Ea 

Aane ie alle (2.34) 

l= £: 

1 2 

It is remarkable that these two graphs have different topological structures. This 

counterexample shows that the scattering matrix does not determine the number of 
cycles in the graph or its size, since the lengths ¢ = £, can be chosen arbitrarily. 


Problem 1 Prove that 4; = 0 is an eigenvalue for the standard Laplacian on any 
compact finite graph. What is the multiplicity of this eigenvalue? 


Problem 2 Calculate the spectrum of the standard Laplacian of the compact star 
graph formed by three intervals of length 1, shown in Fig. 2.6. 


Problem 3 Calculate the spectrum of the standard Laplacian on the figure eight 
graph T.s) shown in Fig. 2.7, assuming that 


(a) the lengths of the loops are equal £1 = £2 = 7, 
(b) the lengths £; and £2 are arbitrary. 


Problem 4 Consider any compact metric graph and the standard Laplacian on it. 
What happens to the spectrum if one doubles the lengths of all edges? 


Problem 5 (Kurasov-Stenberg) [355] Consider the two graphs I and I” pre- 
sented in Fig. 2.8. Prove that the scattering matrices for the Laplace operators on 
the graphs I and T” are equal under the assumption that 


ahah th=h+ey 


U = th; =k. 


Fig. 2.6 Compact star graph 
13.2) 


Fig. 2.7 Figure eight graph ly 
Pa) a 
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Fig. 2.8 Two topologically Ly 
different graphs having the 
same scattering matrix vl y2 
b2 
Graph T 
l l 
vi v? 
/ 
2 l 


Fig. 2.9 Gutkin-Smilansky 
isospectral graphs. © IOP 
Publishing. Reproduced with 
permission. All rights 
reserved. 


Calculate the scattering matrix for the graph I’. Calculate the spectra of the 
Laplacians on F and T’ 


Isospectral Graphs Two operators are called isospectral if they have the same 
spectrum. We present here one example of isospectral graphs developed by 
B.Gutkin and U.Smilansky in [252]. This example grew up from the famous 
counterexample to M. Kac’ question “Can one hear the shape of a drum?’ formulated 
in 1966. The counterexample constructed by C. Gordon, D.L. Webb, and S. Wolpert 
[244] may be modified in order to simulate metric graphs. As the counterexample 
provided two drums having precisely the same Laplacian spectrum, the two obtained 
metric graphs are isospectral. The two isospectral graphs (trees) presented first in 
[252] are shown in Fig. 2.9. 


2.2 Elementary Examples 27 


2 
N D b 
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A 2a ` a a 
N D De 


Fig. 2.10 Parzanchevski-Band graphs 


ee 


Fig. 2.11 Kurasov-Muller graphs 


Problem 6 (Gutkin-Smilansky [252]) The spectra of the Laplacians on the graphs 
presented in Fig. 2.9 are given by zeroes of the following two functions [252] 


Zı(k) = tan(2(a + b)k) 
2tanak + 2tan bk + tan(2a + b)k + tan(a + 2b)k 


E 1 — (2 tanak + tan bk) (tan bk + tan(2a + b)k + tan(a + 2b)k)’ 


Zırır(k) = tan 2ak 
2tanak + 2tan bk + tan(a + 2b)k + tan(2a + 3b)k 


1— (tan ak+ tan bk + tan(a+2b)k) (tanak + tan bk + tan(2a+3b)k) 
(2.35) 


Show that the zeroes of the two functions Z7(k) and Z7;(k) coincide. 


Problem 7 (Parzanchevski-Band [424]) Consider the Laplace operator defined 
on the graphs depicted in Fig. 2.10. Dirichlet and Neumann conditions’ (indicated 
by letters D and N) are introduced at different degree one vertices and standard 
vertex conditions at all internal vertices. Prove that the corresponding operators are 
isospespectral assuming the indicated lengths of the edges. 


Problem 8 (Kurasov-Muller) The two graphs depicted in Fig. 2.11 are equilateral, 
i.e. all edge lengths are equal. Calculate graphs spectra and show that they are 
isospectral. 


There is no general understanding how isospectral graphs may be constructed. 
It is clear that the edge lengths of such graphs have to be rationally dependent 
(as will be shown in Sect. 9.4) and it is believed that symmetry arguments should 
play an important role in classification of isospectral families. Gutkin-Smilansky 
and Parzanchevski-Band examples appear reducing large graphs with symmetries 


7 The Dirichlet and Neumann conditions at degree one vertices are u(xj) = 0,x; = V™ and 
On (xj) = 0, xj = V” respectively. 
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Fig. 2.12 The watermelon 
graph W; and its two cuts pet 


to certain fundamental domains. The last example (Kurasov-Muller) [342] can be 
constructed by cutting in two different ways one of the vertices in the watermelon 
graph W; (Fig. 2.12). 
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Chapter 3 A 
Vertex Conditions Geek for 


The goal of this chapter is to describe the most general vertex conditions for 
Schrödinger operators on metric graphs and how these conditions are connected 
to graph’s topology. As we already mentioned, different types of vertex conditions 
may be required in order to reflect special properties of the vertices. Considering 
only standard and Dirichlet conditions is often sufficient, therefore one may get 
the impression that this chapter can be dropped by readers not aiming to study 
differential operators on metric graphs in full detail. This is not completely true 
since the ideas developed in the chapter will be used later on, for example deriving 
the trace formula. 


3.1 Preliminary Discussion 


We have seen that differential operators on metric graphs require introducing special 
conditions connecting limiting values of functions and their normal derivatives at the 
vertices. The role of such vertex conditions is two-fold: 


e to connect together different edges, 
e to make the differential operator self-adjoint (symmetric). 


The Hilbert space L2(T) and the formal differential expression (2.17) do not 
reflect how different edges are connected to each other. It is the vertex conditions 
that determine the connectivity of the graph, and therefore this question requires 
more attention than one might expect at the first glance. 

Assume that a metric graph is given and we are interested in studying all 
appropriate vertex conditions. Our experience tells us that we need as many 
conditions as the number of endpoints—the sum of degrees of all vertices. In 
order to reflect the graph’s connectivity properly, these conditions should connect 
together only the limit values associated with each vertex separately. It follows that 
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each vertex can be considered independently, and therefore it is wise to write the 
boundary form (2.25) collecting together the terms corresponding to each vertex: 


M 
(Ly, v) — (a, L™y) = D1 OD [ua vaj) -uG d(x) 


m=1 \xjeV™ 


(3.1) 


For every vertex of valence d” one writes precisely d™ linearly independent 
conditions so that the corresponding expression 


L [uE va) -uG ava) 
xjev™ 


= (Iü (V™), DOV" )) cam — (iV), IV) cam (3.2) 
vanishes for each m, ensuring that the operator is symmetric. Here, 


üV”) = {u(xp}o, and aü”) = {ux (3.3) 


denote the d”-dimensional vectors of limit values at the vertex V’”. It is not 
hard to give examples of vertex conditions that guarantee that the boundary form 
vanishes: 


e Dirichlet conditions: 
i(v™) = 0, 
e Neumann conditions: 
au(v™") = 0, 
e (generalised) Robin conditions: 
au(V™) = A” u(V”), 


. siw . . m 
where A” is a Hermitian matrix in C?”. 


However, these families do not cover all possible vertex conditions. In order to 
obtain all possible conditions, one needs to consider a certain combination of Robin 
and Dirichlet conditions (as it will be shown in the following section). 

One may think that any set of d” such conditions guaranteeing zero boundary 
form is appropriate, but it is necessary to take into account another one aspect. 
Assume that the endpoints in the vertex V” can be divided into two non-intersecting 
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Fig. 3.1 Splitting a vertex 


classes V’ and V””, 
ym U ym — y”, ym fa) yn 2 Ø, 


so that the vertex conditions connect just the limit values associated with each of 
these subclasses separately (see Fig. 3.1). Then such vertex conditions correspond 
to the graph T with two vertices V™’ and V’”, rather than with one vertex V”. 
If such separation is impossible, then the vertex conditions will be called properly 
connecting. In what follows we consider only properly connecting conditions unless 
something else is required for different reasons. If the separation described above 
is possible, we are going to say that the vertex V” splits into two vertices V’”’ and 
ve 

In this chapter, we are going to describe all appropriate vertex conditions for 
star graphs. Such parametrisation can be done in different (equivalent) ways and 
we collect the most widely used parametrisations to be used in the book. We are 
convinced that the parametrisation using the irreducible unitary matrix S (3.21) is 
the most appropriate, since this parameter has a clear physical interpretation—it 
coincides with the vertex scattering matrix. Moreover, this parametrisation is unique 
and guarantees that the vertex conditions are properly connecting. 


3.2 Vertex Conditions for the Star Graph 


Consider any star graph formed by d semi-infinite edges E, = [xņn, ©œ0), n = 
1,2,...,d, joined together at one central vertex V = {x 1, x2, ..., Xq} (having 
degree d). The boundary form of the maximal operator is given by: 
(L™*y, Vv) LT) — (u, L™*v) LT) = (du, v) ca — (i, dV) ca 
(3.4) 
=: B[U, V], 


where U = (u, du) € C4. The (sesquilinear) form B introduced above does not 
depend on the behaviour of the functions u and v inside the edges, but is given via 
their limit values at the vertex. 
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We have seen that in order to determine a self-adjoint operator corresponding to 
the formal expression (2.17), one has to introduce precisely d linearly independent 
conditions connecting the limit values U = (uv, du) € C4. These conditions should 
be chosen so that the boundary form B[U, V] vanishes whenever both U and V 
satisfy the conditions. In other words, in the space C*“ one has to select a d- 
dimensional subspace M such that B[U, V] vanishes, provided U, V € M. This 
is a standard problem from linear algebra and it is not hard to give examples of 
such subspaces, but we would like to describe all possible such subspaces. The 
corresponding conditions will be called Hermitian. 


Definition 3.1 Conditions relating the limit values (4, du) € C74 at a vertex V of 
degree d are called Hermitian if and only if 


e the boundary form (3.4) vanishes whenever u and v satisfy these conditions; 
* the subspace in C? formed by all limit values satisfying these conditions has the 
maximal dimension d. 


Every d-dimensional subspace M C C?! can be described as the image of a 
linear map from C4 to C4, and hence as the set of (Et, Ft) fort € C1, where E 
and F are d x d matrices. For reasons that will become clear in a moment, we shall 
write E = B* and F = A* for suitable matrices A and B. 

The subspace 


M:= fu = (B*t, A*t): t € c‘| (3.5) 
has dimension d only if the d x 2d matrix (A, B) has maximal rank: 
rank (A, B) = d. (3.6) 


In fact, the dimension of M is less than d if and only if there exists a vector tọ € 
C4, to £0, such that B*t9 = A*to = 0. Hence, for any s € C2, we have 


(B*to, s) = (A*to, s) =0 & (to, Bs) = (to, As) = 0, 
i.e. the ranges of A and B are both orthogonal to fo, so rank(A, B) < d. 
The boundary form B vanishes on M x M provided the matrix A B* is Hermitian, 
with 
AB* = BA*. (3.7) 


To prove this statement, let us consider two arbitrary vectors U, V € M 


U = (B*t, A*t), V = (B*s, A*s), 
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where t, s € C7. The boundary form can be expressed using s, t as follows: 


BLU, vV] = (ðu, v) ca _ (i, dV) ca 
= (B*t, A*s)ca — (A*t, B*s) ca (3.8) 
= (AB*t, s)ça — (BA*t, eu, 


which vanishes if and only if AB* is Hermitian. Thus we have proven that all 
self-adjoint operators on the star graph can be parameterized by d-dimensional 
subspaces M of the form (3.5). But this description of self-adjoint extensions is not 
convenient, since in order to determine whether a function u belongs to the domain 
of the operator, one has to check whether its limit values U can be presented as 
U = (B*t, A*t) with a certain vector t € Cf. 

It turns out that M can be described as the set of all vectors U € C? satisfying 
the vertex conditions [309] 


Aŭ = Boi. (3.9) 


It is trivial, that every U € M satisfies (3.9) as the matrix AB* is Hermitian and 
therefore AB*t = BA*t. Moreover, due to (3.6), the set of vectors satisfying 
(3.9) form a d-dimensional subspace and has to be equal to M, since M is also 
d-dimensional. Formula (3.9) explains our unusual choice of matrices B* and A* 
instead of E and F in the definition of M. 

We have proved the following theorem: 


Theorem 3.2 Any Hermitian vertex condition at the vertex V of degree d can be 
written in the form 


Ai = Bou, (3.10) 


where u and du denote the vectors of limit values of the functions (2.12) and their 
extended normal derivatives (2.26) at the vertex. The d x d matrices A and B can 
be chosen arbitrarily, provided that the rank of the d x 2d matrix (A, B) is maximal, 
and the matrix A B* is Hermitian 


rank(A,B)=d and AB*=BA*. (3.11) 


The subspace M (and therefore the self-adjoint operator) is not changed if the 
matrices A and B are replaced with CA and CB, where C is any d x d non- 
singular matrix. It follows that there is no one-to-one correspondence between the 
pairs of matrices and the self-adjoint operators. This fact makes it difficult to use this 
parametrisation when inverse problems are discussed. It is also not straightforward 
to check whether the corresponding conditions are properly connecting or not. It is 
clear that if A and B are block-diagonal with the equal sizes of all blocks, then the 
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vertex conditions are not properly connecting. Consider just the following explicit 
example. 


Example 3.3 Let T be the star graph formed by three semi-axes joined together in 
the vertex V = {x1, x2, x3} (see Fig. 3.2) and the vertex conditions be given by 


1-10 u(x1) 000 du(x1) 

000 u(x2) J =] 110 du(x2) 

001 u(x3) 000 du(x3) 
a t 


It is clear that AB* = 0 = BA* and the rank of (A, B) is 3. Therefore the 
corresponding vertex conditions are Hermitian. 

But both A and B are block-diagonal matrices with blocks of size 2 x 2 and 1 x 1, 
which allows one to write the same vertex conditions in the form: 


1—1 u(xj)\ _ (00 u(x) E 
(< 0 ) Gay 7 G d a & u(x3) =0, 


aes = u(x2) 
du(x1) = —du(x2) 


or even as 


& u(x3) = 0. 


These conditions are not properly connecting and correspond rather to a line and a 
half line, which are independent of each other, not to the star graph formed by three 
semi axes. 


Multiplication of the matrices A and B by a non-singular matrix C may destroy 
the block-diagonal structure, in which case it will be hard to see that these conditions 
can be written such that they connect only the limiting values corresponding to two 
subvertices. 
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In this section we are going to describe another possible equivalent parametrisation 
of all vertex conditions using the scattering matrix—a unitary matrix describing 
how the waves are transmitted by the vertex. This parametrisation has the following 
advantages: 


e the matrix giving this parametrisation is unique; 
e the parameter has a clear interpretation; 
e characterisation of all properly connecting conditions is straightforward. 


In what follows, we are going to mainly use this parametrisation in our studies. 


3.3.1 The Vertex Scattering Matrix 


We introduce here the notion of the vertex scattering matrix. Consider the Laplace 
operator L‘4-8) on the star graph, defined by — x on the domain of functions 
satisfying (3.10). The absolutely continuous spectrum for this operator is the same as 
for the Dirichlet Laplacian L?—the second derivative operator defined on functions 
satisfying Dirichlet conditions at the vertex—and coincides with the interval [0, 00), 
the multiplicity is d. The corresponding generalised eigenfunctions of L‘4-8), often 


called scattered waves, are uniformly bounded solutions to the differential equation 


a 
a 


satisfying the vertex conditions (3.21). Every solution to this differential equation 
on each interval [x;, 00) can be written in the form 


VEE; o) =O by teh a; KER, (3.12) 
One should think about the wave e7*0—*/)b j as a certain incoming wave, which 
after the interaction with the vertex is reflected as the outgoing wave ett © Daj. Of 
course, the amplitudes b; of the incoming waves are arbitrary, while the amplitudes 


a; of the outgoing waves are determined by the whole set of bj, j = 1,2,...,d. 
This relation can be written in the matrix form as 


a = Sy(k)b, (3.13) 
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where Sy(k) is called the vertex scattering matrix corresponding to the energy A = 
k*. In our case, the relation between the amplitudes of incoming and outgoing waves 
is obtained by inserting the function given by (3.12) into the vertex conditions.! 

Let us calculate Sy(k) determined by the vertex conditions (3.10). The limit 
values of the function w are 


ý =b+S(b, | 
Ow = —ikb + ikSy(k)b. 


Substitution into (3.10) gives the relation 
A(I + Sy(k))b = Bik(—I + Sy(k))b, 
leading to 
A+ikB = —(A —ikB)Sy(k), (3.14) 


where one takes into account that the vector b of amplitudes of incoming waves 
is arbitrary. The matrix A — ikB is invertible, since otherwise the adjoint matrix 
A* + ik B* has a nontrivial kernel, i.e. there exists t such that (A* + ikB*)t = 0. 
But then multiplying by A and taking the scalar product with ż we arrive at 


A*t]? — ik(AB*t, t) = 0. 


Since both || A*t||* and (A B*t, t) are real (A B* is Hermitian), it follows that A*t = 
0. In a similar way we may prove that B*t = 0, which contradicts the second 
assumption in (3.11) that rank (A, B) = d. 

The vertex scattering matrix can now be calculated from (3.14) 


Sy(k) = —(A —ikB)~! (A + ikB) . (3.15) 


' The vertex scattering matrix introduced in this way coincides with the formal scattering matrix 
given as a product of wave operators associated with the self-adjoint operators L? (the unperturbed 
operator) and L‘4-) (the perturbed operator) as is done in abstract scattering theory [90, 442, 506]. 
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It is easy to see that the matrix Sy(k) is unitary: 
Sy(k)Sy(k)* = (A — ikB)! (A + ikB)(A* — ikB*)(A* + ikB*)7! 
= (A* + ikB*) [(A — ikB)(A* + ikB*)] | 
x [(A + ikB)(A* — ikB*)] (A* + ikB*)! 
—1 
= (A* + ikB*) [4a* — ikBA* +ikAB* + BB" 
x [AA* + ikBA* — ik AB* + k?BB*| (A* + ikB*)! 


ll 
= 


(3.16) 


where we used that B A* is Hermitian due to (3.11). Note that we were able to prove 
that Sy(k) is unitary only because A and B satisfy both conditions (3.11) and k 
is real. As we shall see later, the vertex scattering matrix has norm less than 1 if 
Imk € R+. 

Unitarity of Sy(k) implies that not only the vectors bof incoming amplitudes span 
the whole C7, but also the vectors 4 of outgoing amplitudes. In other words, given 
any a € C@ one may find the set of incoming amplitudes such that (3.13) holds. 
On the other hand, some entries in the scattering matrix may vanish, for example 
if (Sy(k))12 is zero, then the amplitude of the outgoing wave on the first edge is 
independent of the amplitude of the incoming wave on the second edge. 


3.3.2 Scattering Matrix as a Parameter in the Vertex 
Conditions 


Our idea is to use the vertex scattering matrix to parameterise the set of vertex 
conditions. It is easy to see that the values of Sy(k) for different k € R are 
determined by each other. In particular, we are going to prove the following explicit 
formula (which probably appeared for the first time in [310]): 


(k + ko) Sv(ko) + (k — ko)! 


Sy(k) = , 
(k — ko) Sv (ko) + (k + ko)I 


(3.17) 


where J denotes the d x d unit matrix. In what follows we are going to identify 
a with æI. There is no significance of the particular value of kọ chosen in our 
parametrisation, so let us use kg = 1 in what follows and introduce the notation: 


S := S&(1) = —(A 1B)! (A+ iB). (3.18) 
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The unitary matrix S is uniquely determined by A and B, but not vice versa. The 
matrices A and B can be chosen equal to 


(3.19) 


A=i(S-I) 
B= S+I ` 


It is an easy exercise that the corresponding Sy(1) = S. One may also prove that 
such pair (A, B) satisfies conditions (3.11). The first condition can be shown by 
taking into account that the matrix S is unitary 


AB* = i(S — 1)(S* + D = i(SS" —S* +S- 1) =i(S — S*) 
=] 
BA* = (S + DOD(S* — 1) = —i( SS" +S" S — I) = —i(S* — S) 
=! 


> AB* = BA*. 
The second condition follows from 
rank (A, B) = rank (S$ —J,S+/)=d, 
which holds for any unitary S. 
To prove formula (3.17) we substitute (A, B) from (3.19) into formula (3.15) for 


the scattering matrix: 


Sy(k) = — (iS — i — ikS — ik)~! GS — i + ikS + ik) 
(k= DS+ (k+ D k DS+ k- 1), 


which is essentially (3.17) in the special case kọ = 1. One just needs to take into 
account that the matrices are commuting and Sy(k) can be written as a quotient. 

In what follows we shall need the special case of (3.17), which expresses the 
vertex scattering matrix through the unitary parameter S: 


(k+1)S+(k-— 1) 


Sy(k) = 
(kK-DS+(kK+ DI 


(3.20) 


3.3.3 On Properly Connecting Vertex Conditions 


We are going to discuss now which matrices S lead to properly connecting vertex 
conditions. Let us recall that vertex conditions are called properly connecting if 
and only if the vertex cannot be divided into two (or more) vertices, so that the 
vertex conditions connect only limit values belonging to each of the new vertices 
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separately. We have seen that one faces certain difficulties to characterise all possible 
properly connecting conditions when the description (3.10) via pair (A, B) is used. 
On the other hand it is clear that all not properly connecting vertex conditions lead 
to vertex scattering matrices Sy having block-diagonal form. Conversely, every such 
matrix leads to not properly connecting vertex conditions. 

A matrix is called reducible if and only if it can be transformed into block upper- 
triangular form by a permutation of coordinates. But every unitary block upper- 
triangular matrix is block diagonal, so all properly connecting vertex conditions 
are in one-to-one correspondence with irreducible unitary matrices S. Therefore, 
without loss of generality, we are going to restrict ourselves to irreducible unitary 
matrices S parameterising the vertex conditions. 

Theorem 3.2 can be reformulated as follows 


Theorem 3.4 The set of Hermitian properly connecting vertex condition at the 
vertex V of degree d can be uniquely parameterised by d x d irreducible unitary 
matrices S writing conditions (3.10) in the form 


i(S —]u=(S+/) au, (3.21) 


where u and du denote the vectors of limit values of the functions (2.12) and their 
extended normal derivatives (2.26) at the vertex. 


Since every self-adjoint extension of the minimal operator L™ leads to a certain 
unitary vertex scattering matrix S,(k), the vertex conditions (3.21) describe all 
possible self-adjoint extensions [90, 442, 506]. 

In what follows, the self-adjoint operator corresponding to the differential 
expression Tq,a given by (2.17) on a metric graph I and vertex conditions (3.21) 
will be denoted by Li a We shall often omit certain indices hoping that no 
misunderstanding occurs. 

A few other possible parametrisations of vertex conditions are described in 
Appendix 2. In our opinion, the parametrisation (3.21) is the most appropriate, and 
we are going to use it in what follows. We are going to illustrate the advantages 
of this parametrisation in the following section, where different properties of vertex 
scattering matrices are addressed. 

Let us consider just one (rather applied) example that illustrates the power of this 
parametrisation. 


Example 3.5 ([338]) Experimental physicists [470] considered transport proper- 
ties of the system of nano-wires depicted in Fig. 3.3. This problem can be described 
by Schrödinger equation on lg and requires Hermitian vertex conditions in the 
vertex V = {x 1, x2, x3, X4}. The main question is: how does one select these 
conditions in order to reflect the geometry of the coupling? It is clear that, in the 


? Note that we have now defined the self-adjoint operator L5. a Only in the case of regular potentials 
q and a satisfying assumptions (2.19) and (2.20). The case of more general potentials will be 
treated in Chap. 4. 
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ballistic regime, the probabilities of the transport between points xı and x3, as well 
as between x2 and x4, are negligible. Hence it is natural to look for vertex conditions 
that guarantee that the following entries in the vertex scattering matrix are zero: 


831 = $13 = S24 = Sq. = 0. (3.22) 


One may also assume that the reflection is small, leading to 


S11 = $22 = 533 = S44 = Q. (3.23) 


If a certain entry in the vertex scattering matrix is equal to zero for one particular 
energy, one cannot be sure that it remains zero for all other values of the energy, 
since the vertex scattering matrices in general depend on the energy (see (3.20)). 
One may show that the vertex scattering matrix is independent of the energy if and 
only if the parameter S is not only unitary, but also Hermitian: § = ST! = S* (see 
Sect. 3.5.1). 

Every 4 x 4 real unitary Hermitian matrix satisfying conditions (3.22)—(3.23) is 
of the form 


Oa 0 8B 
= i a - a i an 
0 —oa 0 
where o = +1 anda, 6 € R are subject to 
a? + pr? =l. (3.25) 


We required that the matrix is real in order to guarantee that all eigenfunctions 
may be chosen real. In order to guarantee that the vertex conditions are properly 
connecting one should require that 


a Z0£B. (3.26) 
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Consider the eigenprojector P_; associated with the eigenvalue —1 (if any) of 
the unitary matrix S appearing in the parametrisation (3.21). The complementary 
projector PŁ = I — P_, projects on the linear span of the eigensubspaces 
associated with all other eigenvalues of S$. Multiplying (3.21) by P_, from the left 
we arrive at 


—2iP_\u=0@ P_\u=0. 
This condition means that the vector u has to be orthogonal to the eigenvectors of S$ 


associated with the eigenvalue —1. 
The second condition is obtained by multiplying (3.21) by P a 


i(S — IPH = (S + I Pdi, 


where we used that S commutes with its eigenprojectors. The matrix (S + J) is 
invertible on the range of Poi hence we have 


i(S+D (8 — DPHū = Padi. 


The ranges of P_; and Ph span the space Cf, hence condition (3.21) is 
equivalent to 


P_\u=0, 
: E 27 
O AT ae 
where 
Acci ph wih Plo PP (3.28) 
= WI — = Fj " 
a Eo ie = i 


The matrix Aş appearing in this parametrisation is Hermitian and its eigenvectors 
coincide with the eigenvectors of the unitary matrix S (not corresponding to the 
eigenvalue — 1). To prove this let us write Ag in the form 


As = iP (S+ DS- DPH 
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and take the adjoint 


Aš = —iP4+(S* —1)(S* + DPH 


—i PH (S* — SS*)(S* S'S) IPH 


=i PH — S)s*(s*) 1d + SOPH 

= As. 
This parametrisation shows that the most general vertex conditions at a vertex can 
be considered as a combination of Dirichlet and Robin type conditions: 


e the first condition in (3.27) is precisely of Dirichlet type, 
e the second condition in (3.27) is of Robin type. 


This form of vertex conditions will be extremely useful when quadratic forms of 
operators are discussed (see Chap. 11). 


3.5 Scaling-Invariant and Standard Conditions 


3.5.1 Energy Dependence of the Vertex S-matrix 


Let us now discuss how the vertex scattering matrix depends on the energy. Since 
the matrix S is unitary, it is convenient to use its spectral representation 


d 
S= oe En caër, (3.29) 


n=1 


where 0, € (=x, x], ên € CI, Sé, = eé,. We use that Sy is rational function of 
S, hence formula (3.20) implies 


d id 
_ (k+ e+ (k-1) 2 z 
Sy(k) = 3 k De + (ka 1 (ên, Jean 
d 


Po cue nC En, dead 
~ 2 Kem I) eH — 1) rr reren 


P A kel +1) + (el —1) | - 
52 CD (Endet Fatma Om Ie 


nby =n n:n AT 


(3.30) 
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The unitary matrix Sy(k) has the same eigenvectors as the matrix S, but the 
corresponding eigenvalues in general depend on the energy. The eigenvalues +1 
are invariant; all other eigenvalues (i.e. different from +1) tend to 1 as k — oo. 

If S is not Hermitian, one may calculate both the high and the low energy limits 
of Sy(k): 


Sy(Co) = um: Sy(k) = =P- + (U — P-1) = I — 2P, 


(3.31) 
Pi— (I— P) = 2P,-T. 


Sy(0) = lim Sy(k) 
k>0 


Here we used the notations P+; for the spectral projectors associated with the 
eigenvalues +1 : 


Pı = XO (Ens )eaens Py = Yo ns dcan: 


On =I 6n=0 


The vertex scattering matrix is independent of the energy if and only if the vertex 
conditions are non-Robin, or scaling-invariant as described in the following section. 


3.5.2 Scaling-Invariant, or Non-Robin Vertex Conditions 


For the star graph formed by the edges En = [xn,00), n = 1,2,...,d consider 
the scaling transformation 


[Xn, 00) E€ x œ y = Xn + c(x — Xp) € [Xn, ©). 
This transformation naturally induces the function transformation 
Ur Uc 
so that if y € En = [xn, ©) then 


Uc(y) = U(X + (Y — Xn)/C). 
——— $< 
E En 


It is natural to call vertex conditions scaling invariant if and only if any function u 
and its scaling u, satisfy conditions simultaneously. 
It is clear that the limit values of u and u, are related via 


ü= üc, ð= clc, (3.32) 
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provided the magnetic potential is zero. Vertex conditions (3.27) are invariant under 
scaling if and only if the matrix As is identically zero. As one can see from (3.28) 
the parameter matrix S has just eigenvalues 1 and —1, hence S is not only unitary 
but also Hermitian. Hence any scaling-invariant vertex condition can be written in 
the form: 


3 3.33 
Pidu = 0, ( ) 


| Piu = 0, 
where Pi; are the eigenprojectors on the two orthogonal eigensubspaces span- 
ning up C. These conditions can be seen as a combination of Dirichlet and 
Neumann conditions. The corresponding matrix As appearing in the Hermitian 
parametrisation is zero, therefore scaling-invariant vertex conditions are often called 
non-Robin. In the two extreme cases P_; = I (P; = 0) and P_; = 0 (Pi = T) 
the conditions reduce to usual Dirichlet and Neumann ones. 

Characteristic property of scaling-invariant vertex conditions is that the corre- 
sponding vertex scattering matrix is independent of the energy (as can be seen from 
(3.30)) and can be written as a sum of two projectors 


Sy(k) = S = Pi — P. (3.34) 


3.5.3 Standard Vertex Conditions 


Standard vertex conditions (2.27) 


u(x1) = u(x2) = +--+ = u(xg) — continuity condition, 


d 
5 du(xj) =0 — Kirchhoff condition, 
j=l 


appear naturally if we impose the requirement that the functions are continuous at 
the nodes.* Continuity of the wave-function is a natural requirement and is usually 
welcomed in applications. It is customary to use these conditions if there is no 
preference or it is not known which particular vertex conditions should be used, 
which explains the name. We have already considered standard vertex conditions in 


3 We have already mentioned that these two conditions are sometimes also called Kirchhoff, free 
or Neumann. 
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Sect. 2.1.3. Writing these conditions using matrices A and B is not difficult 


1-1 0.00 000.---00 
01 -1---0 0 000.---00 
00 1 00]. 000---00 mn 
u=].... .., | ou, (3.35) 
00 0.1-1 000---00 
00 0...00 111---11 


The first d — 1 equations imply that the function u is continuous, while the last 
equation corresponds Kirchhoff condition. 

Let us discuss how to describe the standard conditions using the scattering 
matrix. To this end we calculate the vertex scattering matrix. Substituting Ansatz 
(3.12) into (3.35) and taking into account that the ranges of the two matrices are 
orthogonal, we get: 


1-10 .---00 
0 1 —-1---0 0 
00 1.---00 en 
. | @+a)=0; 
00 O 1-1 
00 O -0 0 
(3.36) 
000.---00 
000.---00 
000.---00 so 
ik}... .. |G b+a= 
000.---00 
111---11 
These conditions can be written as 
ai + bi =a; + bj, Eo PS Ny ae iy 
(3.37) 


d 
> “(aj — bj) =0. 
j=l 


Then it is clear that the edges are indistinguishable i.e. they are invariant under 
permutations. Therefore the vertex scattering matrix should satisfy the equation 


Sy(k) = Po Sy(k) P7! 
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for any permutation P, and therefore be of the form:+ 


RTT- 
T, i i, TRT o 
aws =Skh=|lrrre...|- (3.38) 


At this stage we cannot exclude the possibility that the transmission T and reflection 
R coefficients depend on the spectral parameter k. Let us assume that there is just 
one incoming wave arriving along the edge E1: the corresponding scattered wave is 
given by the Ansatz 


oe tk—x1) ae Reta), x€E,= [x1, oo), 
W(x) = 


Tek) x € En = [X,, 00), n = 2,3,...,d. 


Substituting this Ansatz into the standard conditions (2.27) leads to the following 
linear system 


14+R=T 
ik(-1+R+(d—JD)T)=0. 


aa (3.39) 


(d-1)T+R=1. 


Solving the linear system we get the transition and reflection coefficients 


T =2/d, 
| R = —1+2/d. Cem 


The matrix S* corresponding to standard vertex conditions is then given by 
—-1+2/d 2/d 2/d 


ae 2/d —1+2/d 2jd 
st = S$ = ad yd Azyya h (3.41) 


4 We are going to return to this question in Sect. 3.8.2. 
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which allows one to write the standard vertex conditions in the form (3.21) 


—2+2/d 2/d 2/d 
2/d -24+2/d 2d -| 
l 2/d 2/d —2+2/d--. |” 
2/d 2/d2/d--: a 
2/d 2/d2/d--: 


=| 2/d 2/d 2/a -~ | %- 


The scattering matrix is independent of the energy and therefore can be writ- 
ten using two projectors. One may also introduce the eigensubspaces Nj = 
L£{,1,1,..., 1} and N- = N£ corresponding to the eigenvalues +1. The 
orthogonal projectors P+; = Py,, allow one to write standard vertex conditions 
also in the form (3.33). 

Standard vertex conditions for degree two vertices mean that the function and its 
first derivative are continuous at the vertex. As the result the corresponding vertex 
scattering matrix describes free passage through the vertex 


$=(75)) 


Hence degree two vertices with standard conditions can always be removed and the 
two edges joined at the vertex can be substituted with one edge of the length equal 
to the sum of the lengths of the two edges. 

On the opposite, every point inside an edge can be seen as a degree two vertex 
with standard conditions. 


3.6 Signing Conditions for Degree Two Vertices 


The signing conditions remind the standard conditions and differ by two extra signs, 
hence the name 


eee = —u(x2), (3.43) 


du(x1) — du(x2) = 0. 
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These condition correspond to the multiplication of the function by —1 while 
crossing the vertex. The corresponding vertex scattering matrix is 


gsign = c >) va JA 


These conditions will play a very important role when discussing the solution of the 
inverse problem using magnetic flux dependent spectral data. 

For example, introducing signing conditions connecting the endpoints of the 
same interval corresponds to the loop graph with magnetic flux equal to z. 

We borrow the name signing conditions from the discrete graph theory, see for 
example [89, 384]. 


3.7 Generalised Delta Couplings 


In this section we present yet another class of vertex conditions. These conditions 
were introduced in order to guarantee that the ground state eigenfunction may be 
chosen positive. They are characterised by the property that the domain of the 
quadratic form is invariant under taking the absolute value and the value of the 
quadratic form does not increase (see Sect. 4.5). 

With any vertex V of degree d we associate n < d arbitrary vectors a; with the 
following properties: 


e all coordinates of a; are non-negative numbers? 
=% d. 
aj € RY: 
e the vectors have disjoint supports so that 
aj(x1) āi (x1) = 0, provided j #i, xı € V, 


holds. 


Without loss of generality we assume that the vectors a; are normalised: 


aj? = D> aj)? = 1. 


xpeV 


The coordinates of the vectors a; will be called weights. 


5 We study only the case where the weights 4 j (X1) are non-negative reals, but in principle complex 
values may be allowed. 
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Fig. 3.4 Generalised delta 
couplings when d = 9 and 
n=3 


In addition to the vectors a; we pick up a Hermitian n x n matrix A playing 
the role of Robin parameter. Then the generalised delta couplings are written as 
follows 


ue L{a1, d2,..-, Gn}; 
n 


(aj, di) = Y Aji (Gj, i). 


i=l 


(3.44) 


The dimension n of the subspace 
B := Lla, a, Rees Gn} 


will be referred to as the order of the generalised delta-condition (Fig. 3.4). 
The first condition in (3.44) is a weighted continuity condition, since it can be 
written as follows: 


ux) _ UD 
aja aja) 


=uUj, Xk, Xı € suppaj, j =1,2,...,n. (3.45) 


The difference to the classical delta coupling (see Appendix 1) is that the function 
is not necessarily continuous at the vertex. In the case n = 1 and the corre- 
sponding vector a; has maximal support, any coordinate of u determines all other 
coordinates—the value of u at one endpoint determines its values at all other 
endpoints. But the values may be different if the weights are different. One may 
say that the weighted function is continuous in this case. If n > 2, then the entries 
of u are determined by n arbitrary parameters. Every coordinate in u belongs 
to the support of at most one vector aj; for a certain j and thus determines all 
other coordinates in the support of 4j. The wave function u attains n independent 
weighted values associated with different groups of endpoints joined at the vertex. 
One should think about this condition as a weighted continuity of u at each group 
of endpoints. 

Changing the ordern; 1 < n < d, of the delta coupling allows one to interpolate 
between the classical delta coupling and the most general vertex conditions, so that 
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n = | corresponds to weighted delta coupling and n = d to the most general Robin 
condition of the form du = A ü. 

Note that in Eq. (3.45) we introduced a new vector U = (Uj, U2, ..., U,)—the 
reduced vector containing common weighted values of the vector ú. The dimension 
of the vector coincides with the dimension n of the linear subspace B. 

The second equation in (3.44) is a balance equation for the normal derivatives. 
The sum of normal derivatives connected with endpoints from the support of one of 
the vectors a; is connected via the coupling matrix A to the common values of u at 
all other groups of endpoints, since we have 


G= Y aoduad= YD ial IoT" 


xı€supp Gj xıEsupp dj 


Here we used that the vector a; is normalised. 
For generalised delta couplings to be properly connecting two requirements 
should be fulfilled: 


(1) The union of supports of the vectors a; coincides with all endpoints in V: 


U” supp (4j) = {xi} ev. (3.46) 


(2) The matrix A = {Aji} int is irreducible, i.e. it cannot be put into a block- 
diagonal form by permutations. 


If the first condition is not satisfied, then we have classical Dirichlet conditions 
at certain endpoints: 


u(x) = 0, provided x; ¢ U’; supp (aj). 


Dirichlet endpoints always form separate vertices. 

If the second condition is not satisfied, then the vertex V can be chopped into two 
(or more) vertices preserving the vertex conditions. Such conditions correspond to 
the metric graph, where the vertex V is divided. 

As we already pointed out described vertex conditions will play a crucial role 
proving that the ground state eigenfunction can be chosen positive. For that purpose, 
all the weights should be real and the matrix A should be not only Hermitian but real 
with non-positive entries outside the diagonal. You will read more about generalised 
delta couplings in Sect. 4.5, where, in particular, the corresponding quadratic form 
is calculated and its properties are discussed. 
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3.8 Vertex Conditions for Arbitrary Graphs and Definition 
of the Magnetic Schrédinger Operator 


3.8.1 Scattering Matrix Parametrisation of Vertex Conditions 


In this section we discuss the most general vertex conditions for arbitrary compact 
finite graphs generalizing Sect. 3.3. Our main focus will be on which properties of 
these conditions guarantee their admissibility, and therefore we still assume that the 
potentials satisfy (2.19) and (2.20). 

The standard self-adjoint operator Li, q associated with a symmetric differential 
expression on a metric graph T has already been defined in Sect. 2.1 (Definition 2.2). 
This operator is selected by introducing standard vertex conditions (2.27) at the 
vertices. Let us discuss how to introduce other types of vertex conditions, so that 
the vertex structure of the graph I is respected. The boundary form of the maximal 
operator L 7 can be written as 


(Loa u, v) ak (u, Lygia V) 


= d 2 — /d 2 
= pe (i + ac) u(x) v(x) — u(x) (4 + a(x)) no] dx 
JE, dx dx 


= 5 (aua va;) = uaJəvay)) : 


(3.47) 


Let us introduce the vectors U, 9U of limit values of the function u at all endpoints: 


Ü = (u(x1), u(x2),...), 
> 4 
dU = (du(x1), Ou(x2),...). eae) 


The dimension of these vectors coincides with the number D of endpoints in V. 
In vector notation the boundary form (3.47) looks as follows 


O71 U V 
L™Xy v) — lu. Ly) = A s 4 
(L™*y, v) — (u, L™y) E ere = (3.49) 


and coincides with the standard symplectic form in the space C7? 5 (U ,aU ). 
The set of self-adjoint restrictions of the maximal operator loa can be described 
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by Lagrangian planes, i.e. maximal isotropic® subspaces in C??. But not all such 
Lagrangian subspaces respect the vertex structure of the underlying metric graph. 
In order to select proper conditions let us re-write the boundary form as follows 


(Ee i v) > (u, Log? 


= > (auawa) = u@j)9v(x))) (3.50) 


m=1 [xjeVv™ 
=X (5:0) Ghee) Gites) 
~ L4\\-10) Lancy) J)? \ a8) ] can ` 


Each subspace C2" associated with the vertex V” can be considered separately. 
The corresponding appropriate Lagrangian planes, or vertex conditions, have 
already been discussed in Sect. 3.3 in the context of star graphs. 

With every vertex V”, we associate d” x d™ unitary irreducible matrix S” and 
introduce the vertex conditions 


i(S™ — Dū(V™) = (S™ + Dau(v™), m=1,2,...,M. (3.51) 


In what follows, we are going to limit our studies to the case of irreducible matrices 
S” . The corresponding vertex conditions will be called admissible. 

It will be convenient to consider the vectors 7(V”) as elements from C? 
extending them by zero for all endpoints not from V”. Then the unitary matrices 
S” will be identified with the D x D matrices obtained by putting equal to zero all 
entries with the indices ij if either x; ¢ V™ or x; ¢ V™. Then the matrix S given 
by 


M 
S= QB s” (3.52) 


m=1 
is unitary and describes the vertex conditions at all vertices via 
i(S—DU = (S + Dau. (3.53) 


Note that the sum in (3.52) is orthogonal since the matrices S” map limiting values 
at different vertices. The matrix S in general is reducible and its invariant subspaces 
are determined by the vertices. 


6 A subspace is called isotropic if and only if the symplectic form vanishes for any two vectors 
from the subspace. Every such maximal subspace has dimension D. 
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Then the self-adjoint operator is defined as the restriction of the maximal operator 
to the domain of functions satisfying vertex conditions (3.51). 


Definition 3.6 The magnetic Schrédinger operator Le is defined by the dif- 
ferential expression (2.17) on the domain of functions from the Sobolev space 


wer \ V) satisfying the vertex conditions (3.51) at each vertex. 


In this definition it is important that each matrix $” is irreducible, while the 
matrix S is reducible by construction (assuming, of course, that has more than 
one vertex). The case where at least one of the matrices S” is reducible corresponds 
to a different metric graph. The corresponding graph can be obtained from the graph 
T by splitting one of the vertices into two or more equivalence classes—new vertices 
(see Fig. 3.1). Thus taking S = —I we get the Dirichlet operator L A a Corresponding 
to the graph consisting of disconnected edges. 


S 


Theorem 3.7 The operator Lọ a 


unitary. 


is self-adjoint, provided that the matrix S is 


Proof Consider the minimal operator associated with the differential expression 
Lq,a in L2 (T). The adjoint operator is determined by the same differential expres- 
sion on the domain w2 (T \V). This follows directly from the fact that the differential 
expression Lq,a is formally symmetric. 
To prove that LS a is self-adjoint, one may repeat step-by-step the proof of 
Theorems 3.2 and 3.4. 

The boundary form of the operator is given by (3.47) and it vanishes due to vertex 


conditions (3.51), since it can be re-written as 


M 
(Eu v) — a S (Tua Pva;) -ua pava)) 


m=1 \xjeV™ 


Each term in the sum vanishes separately. Calculating the adjoint operator (eas a 
all vertices may also be treated separately, and therefore the corresponding calcula- 
tions can be repeated without any major changes. o 


Following (3.20), it is natural to introduce the corresponding (global) vertex 
scattering matrix 


(k+ 1)Sy0)+ (k- DI 


Sv) = Gps + e+ DT 


(3.54) 


This matrix coincides with the scattering matrix for the vertex of valency D with the 
vertex conditions given by formula (3.53). This matrix will be used in what follows 
to calculate the positive spectrum and to establish the corresponding trace formulas. 
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3.8.2 Quadratic Form Parametrisation of Vertex Conditions 


In mathematical physics one often determines self-adjoint operators via their 
quadratic, or more precisely sesquilinear, form. The reason is two-fold: 


e On one side, there is a one-to-one correspondence between semibounded self- 
adjoint operators and their quadratic forms. 

e Quadratic forms can be used directly in Min-Max and Max-Min principles to 
determine the discrete spectrum and the corresponding eigenufnctions. 


All operators we discuss here are semibounded, let us look at their quadratic 
forms. The sesquilinear form of the operator LŠ „a can be calculated explicitly: 


OŠ (u, u) = (LE au, U) L30) 


N F 2 
= (/ -(4 =) ucyu(adx + | aco|ucn)d) 
i En dx En 
_ d i 
=J du(xj)u(xj)+ >> (| (+ — iaw) u(x)| dx + scolucn ds) 
žj n=l n ” 
M 


= D> (du(V™), V ce 


m=1 : > 
(+ — ia) u(x) 


EL 


= So (Asmii(v™), iV") cam 


m=1 
d . 
(+ — ia) u(x) 


HU. 


The domain Dom os a Of the sesquilinear form is obtained by closing the domain 


dx + i acolucn}s) 
En 


2 
ax+ f gouoPas). 
En 
(3.55) 


Dom (L$) with respect to the norm OŠ, (u, u) + C|jul||?, where the constant C is 
chosen sufficiently large to ensure positivity. Let us remember that we assume that 
q and a satisfy assumptions (2.19) and (2.20) respectively. Under these assumptions 
OŠ, (u, u) is bounded if and only if u € WA (T \ V) since au € L2(T) and 
qllul? € L(V). It remains to understand what happens to the vertex conditions. 
Every function from w1 (T \ V) is continuous on every edge, but the first derivatives 
are not continuous anymore, in other words the functionals u +> u’(x) are not 
bounded with respect to the norm in the Sobolev space WA (T \ V). It follows that 
the Robin part of vertex conditions, that is the second equation in (3.27) is not 
preserved. On the other hand every function from the closure of Dom (LS, a) with 


respect to Ww -norm satisfies the Dirichlet part, i.e. the first equation in (3.27). 
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Summing up, the domain of the quadratic form consists of all functions from the 
Sobolev space w1 (T \ V) satisfying just the first conditions in (3.27) 


P” i(V™) =0, m=1,2,...,M. (3.56) 


The second condition is not preserved, since the functionals u +> u’(x) are not 
bounded with respect to the norm in the Sobolev space w1 T \ V). 

The Robin part of vertex conditions is not preserved in the description of 
the quadratic form domain, nevertheless it can be reconstructed. In other words, 
the quadratic form o$ a determines the unique vertex condition. The domain of 
the quadratic form determines the projectors P’”, and hence the subspaces (J — 
pr yc. The quadratic forms (A”u(V"), u(V")) cam determine the Hermitian 
matrices A”. Therefore the unitary matrices S” are given by the formula 


a (S>) (—P”), where Pi =(U- Po (3.57) 


The standard vertex conditions correspond to the quadratic form 


ai d 
Qq,alu, u) = aA (+ = ia) u(x) 


where vertex terms are absent. The domain is given by all wir \ V) functions, 
which are in addition continuous at the vertices. Starting from this quadratic form, 
which is the most natural candidate from the physical point of view, we get the 
Schrödinger operator determined by the standard vertex conditions. Hence standard 
vertex conditions appear if one requires that the functions from the domain of the 
operator are continuous at the vertices and the quadratic form contains no vertex 
terms. 

Consider the quadratic form given by the same formula (3.58) on the domain of 
functions from w1 T \{v"} “a without requiring any continuity at the vertices. 
The corresponding Schrödinger operator is defined on the domain of functions 
satisfying Neumann conditions at all endpoints of the edges, i.e. the corresponding 
graph consists of N completely disconnected intervals. 


2 
ax+ f qœ lu(x)| dx, (3.58) 
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ô and ô'-Couplings 


It is probably worth mentioning that the continuity requirement does not necessarily 
lead to standard vertex conditions. All self-adjoint operators described by conditions 
other than standard vertex conditions are usually considered as certain point 
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perturbations of standard operators. For each vertex the following one-parameter 
family of vertex conditions is usually called a 6-coupling at the vertex 


u is continuous at the vertex V, 
X du(xj) = a-u(V): „ack. (3.59) 


xjeV 


Since the function u is continuous at the vertex, its value u(V) is well-defined. The 
real parameter a describes the strength of the 5-coupling., 

Another one-parameter family is sometimes called 5’-coupling and is in some 
sense dual to the 5-coupling. It is described by the conditions 


du(xj) = u(x), xj, Xi € V, 
Yiu) =f-dau(v); > BER. (3.60) 


xjeV 


The first condition substitutes the continuity condition, while the second condition 
contains the parameter 6 describing the strength of the 6’-coupling. 

The 6 and 6’-couplings can formally be considered for infinite values of the 
coupling parameters. The 6-coupling with a = œ corresponds to the Dirichlet 
condition u(V) = 0, ie. u(xj;) = 0, whereas B = oo leads to the Neumann 
condition du(V) = 0, i.e. du(x;) = 0. Note that these Dirichlet and Neumann 
conditions describe completely independent edges and therefore are not properly 
connecting (unless of course the valence is trivial d = 1). 


Circulant Conditions 


In many applications it is important to chose vertex conditions satisfying certain 
additional assumptions. In this section we shall study the case where the vertex 
conditions are invariant under cyclic permutations. Assume that the limit values 
(u, du) satisfy the vertex conditions whenever (Ri, Rd) satisfy the same condi- 
tions, where 7? is the rotation matrix 


0100---00 
0010---00 
0001---00 
R=|0000---00 (3.61) 
0000---01 


1000---00 
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Substitution of the limit values (Ru, Rd) into original vertex conditions (3.21) 
gives 


i(S — DRU = (S + DR3ù. 
Multiplying the last equality by R7! from the left we get 
i(R7'SR — Dù =(R7'SR+ 1) du. 


Since the parametrisation (3.21) is one-to-one the two vertex conditions are 
equivalent if and only if 


S= Rh "Sk: 
It follows that the matrix S is circulant as was probably expected by the reader: 


S0 Sn—1 Sn—2°°** S2 SI 
S1 SO Sn—1 >°: S53 S2 


S2 S1 So «+: S4 83 
S= Lo & o e (3.62) 


Sn—2 Sn—3 Sn—4 *** SO Sn—1 
Sn—1 Sn—2 Sn—3 °° S1 SO 


We have already seen the following important examples of circulant vertex con- 
ditions: standard (3.42), 6- and 5’-couplings (3.59), (3.60). Circulant conditions in 
connection with P7 -symmetric operators on graphs have been discussed in [34]. 


‘Real’ Conditions 


The standard Schrödinger equation possesses an important property: its eigenfunc- 
tions can always be chosen real, since if y is an eigenfunction, then y is also 
an eigenfunction. This property is also known as time-reversal symmetry. Let us 
study which vertex conditions possess this property. We have to check under which 
conditions the limit values (4, 3u) satisfy (3.21) whenever ü, du) satisfy the same 
equation. 

The limit values (4, i) satisfy (3.21) if and only if 


—i(S — Du = (S + 1Dau 
holds. Multiplying the last equality by (S)~! = S* = St we arrive at 


i(St — Dū = (St + Dai. 
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These vertex conditions are equivalent to (3.21) if and only if 
Ses, 
i.e. S is acomplex symmetric matrix (but not necessarily Hermitian). 
Let us note that all ‘real’ vertex conditions leading to energy independent vertex 
scattering matrices are described by real symmetric matrices. This fact is important 
for physical applications. Physically relevant models are usually described by 


matrices with real entries. The requirement that the corresponding Hamiltonian is 
time-reversal invariant leads directly to scaling-invariant vertex scattering matrices. 


Indistinguishable Edges 


Let us study which class of vertex conditions corresponds to indistinguishable 
edges, i.e. vertex conditions invariant under arbitrary permutations of the edges. 
The corresponding matrices S' satisfy the equation 


SPs = PoS, (3.63) 


where P, is any permutation matrix corresponding to permutation o. Every matrix 
S satisfying (3.63) is of the form 


where R,T are arbitrary complex numbers. In order for § to be unitary and 
irreducible one has to require that 


IR? +a- DIT? =1, 
RT +TR+(d—2)|T/? = 0, 
T #0. 


The reflection coefficient R may be equal to zero only if d = 2, since otherwise 
the second equality would imply that even T = 0. 
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Consider the case of real T and R. The corresponding linear system 
R? +(d-1)T? =1, 
2R+(d—2)T = 0; 


has just two solutions 


2 2 

d-—2 and d2 . 

R= =-—1+T Reago =1+T 
v 


The first solution corresponds to standard vertex conditions (3.41) (which coincides 
with the 5-coupling with a = 0), the second solution—to ô’-coupling (3.60) with 
p = 0. This fact underlines the importance of the family of 5’-couplings, which was 
introduced originally just as a certain dual to the family of 5-couplings. One can 
read more about such vertex conditions in [486]. 


Equi-transmitting Vertices 


In quantum mechanics, transition probabilities p;; are given by squared absolute 
values of the scattering coefficients pj; = |si als Therefore the edges meeting at 
a vertex are equivalent, from the quantum mechanical point of view, if all non- 
diagonal entries of the vertex scattering matrix have the same absolute value. The 
diagonal elements have equal absolute values as well. 


Definition 3.8 ([263]) Ad x d unitary matrix S is called equi-transmitting if and 
only if 


ose] = Waly j,l = Ty Denies 
e |sijl = Siml, fori # j, l Am. 


Equi-transmitting unitary matrices attracted attention in recent years with the 
hope to repair apparently non-physical behaviour of the vertex scattering matrices 
(3.41) corresponding to standard vertex conditions: 


S*~ -I for dẹ®l. (3.64) 


In other words, vertices with a large degree are similar to Dirichlet vertices. This is 
against the physical intuition that by increasing the number of edges, one increases 
penetrability of the vertex. 

In the first step reflectionless equi-transmitting matrices leading to scaling- 
invariant vertex conditions were studied [358]. Reflectionless means that all diago- 
nal elements are zero. Such matrices exist only in odd dimensions, since the trace 
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is zero, but eigenvalues of Hermitian unitary matrices are just +1. Their sum can 
be equal to zero only if the dimension d is even. It is relatively easy to characterise 
these matrices in low dimensions d = 2, 4, 6, which is done in the article mentioned 
above. 

Equi-transmitting matrices leading to scaling-invariant vertex conditions were 
investigated in [263, 348, 486, 487]. The class of equi-transmitting matrices is 
invariant under multiplication by —1, hence without loss of generality we may 
assume the number v* of positive diagonal elements is not less than the number 
of negative ones. In this case the trace of S is equal to 


Tr (S) = (2vt — d)r > 0, 
where r = |sjj| and vt > d/2. On the other hand, the matrix S is unitary 


and Hermitian and therefore its spectrum is given by +1. Denoting by d* the 
multiplicity of +1 we calculate the trace using the spectrum 


Tr (S) = 2dt — d, 


implying dt > d/2, since the trace is non-negative as calculated above. Comparing 
these formulas we get 


2d* —d 
= ———_.. 3.65 
= æt d o>) 
In the special case vt = dt = d/2 the reflection amplitude r remains 


undetermined. 

If vt = d*, then r = 1, which means that the corresponding unitary matrix 
S is diagonal and determines vertex conditions which are not properly connecting 
(unless d = 1 of course). Moreover one needs dt < vt in order to guarantee 
that r < 1. Hence all possible values of r are given by formula (3.65), where the 
parameters d* and v* should satisfy: 

d/2 < dt <v" <d. 

All possible values of r are obtained going through all natural numbers satisfying 
the above inequalities. Surprisingly, not all possible cases described by (3.65) can 
be realised. These are the only possible values of the reflection amplitude in odd 
dimensions. If d is even, then r may be arbitrary, provided d+ = vt = d/2. 

Equi-transmitting matrices in low dimensions (d < 6) are completely described 
in [348]. It turns out that matrices equivalent to those corresponding to standard 
vertex conditions play a very exceptional role. For example for d = 5 admissible 
values of (d, vt) are (4,5), (3,5) and (3,4) leading to the following possible 
values of r respectively: 


r = 3/5, 1/5, 1/3. 
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The case r = 3/5 corresponds to standard vertex conditions and hence is realisable. 
The other two cases r = 1/5 and r = 1/3 do not lead to any equi-transmitting 
matrix. The same phenomenon is observed when d = 3. For more details see [411, 
412]. In [136, 137], approximations of low-dimensional equi-transmiting matrices 
are discussed. 

The case of large dimensions is much less studied. Equi-transmitting unitary 
matrices can be constructed using Dirichlet characters [263], but construction 
heaxvily depends on the dimension. Standard vertex conditions lead to equi- 
transmitting matrices proving that such matrices exist in any dimension. Reflec- 
tionless equi-transmitting matrices may exist in even dimensions only, as discussed 
above but it is not clear that they are realisable in any even dimension. 

Studies of equi-transmitting matrices may be extended by considering unitary 
symmetric (not necessarily Hermitian) matrices. An interesting example of such 
matrix for d = 5 was constructed in [263] 


01 1 1 1 
10 low 
1 2 2ni/3 
S=5 1 1 0 & æ |, where ow =e . 
low 0 1 
low 1 0 


Appendix 2: Parametrisation of Vertex Conditions: Historical 
Remarks 


It is almost impossible to mention all articles where vertex conditions for differential 
operators on graphs are considered. As we already mentioned the whole set of vertex 
conditions giving all possible self-adjoint extensions of L™ can be described either 
using von Neumann formulas, or the theory of boundary triplets [165, 166, 243, 
301, 445, 446], or Lagrangian planes corresponding to the symplectic form given 
by (3.4). We shall just mention here the most important parametrisations. 


Parametrisation Via Linear Relations 


V. Kostrykin and R. Schrader [309] suggested the following explicit parametrisation 
of vertex conditions 


Aŭ + Bydu = 0, (3.66) 
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where A, and Bı are two d x d matrices satisfying the following conditions: 


(1) the matrix A; By is Hermitian; 
(2) the d x 2d matrix (A, B,) has the maximal possible rank d. 


The first condition is needed to guarantee that the operator is symmetric. The 
second condition says that formula (3.66) imposes sufficiently many independent 
conditions on the functions. 

A similar parametrisation of all possible vertex conditions was given by T. Akto- 
sun, M. Klaus, and R. Weder in [22]: 


— Bžīū + Addu = 0, (3.67) 


where A» and B3 are two v x v matrices satisfying the following relations: 


(1) the matrix B} A> is Hermitian; 
(2) the self-adjoint matrix A* A2 + Bž B> is positive. 
J 2 2 p 


These two parametrisations are completely equivalent and parametrize all possible 
self-adjoint extensions of the minimal operator. Their advantage is that the matrices 
A and B can often be chosen with integer entries (making calculations easier). For 
example, the standard vertex conditions can be written as (3.35) using just integers. 

Both conditions (3.66) and (3.67) can be multiplied on the left by any invertible 
matrix without changing the set of admissible functions. It follows that such 
parametrisations are not unique and therefore their use for inverse problems is 
limited. Moreover it might be difficult to determine whether vertex conditions 
written in the form (3.66) or (3.67) really connect together all limiting values of 
u at the vertex V, or the vertex can be split into two (see discussion in [355] for 
details). 


Parametrisation Using Hermitian Operators 


Formula (3.66) determines a certain linear relation for the limit values u, ðu. 
Therefore, it is natural to parameterize all such linear relations using the linear 


subspace (J — P_;)C” = (Ker (S + ny and the Hermitian operator As = (J — 
Paisa — P_ı) acting on this subspace. Such parametrisation was suggested 


by P. Kuchment [326], and it is given by formula (3.27) (in our notations). 
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Unitary Matrix Parametrisation 


The first explicit parametrisation of vertex conditions using unitary matrices 
was suggested by M. Harmer [255-258]. It is almost identical to parametrisation 
(3.21), but its relation to the vertex scattering matrix remained hidden. The idea 
to parametrise vertex conditions via the vertex scattering matrix is clear from 
the physical point of view, and it was realised independently by P. Kurasov and 
M. Nowaczyk [347] leading to parametriation (3.21). As we already mentioned, this 
parametrisation of vertex conditions is the most suitable from our point of view. 


Problem 9 Consider the star graph formed by three semi-infinite edges [x;, 00), 
j = 1,2, 3. Express the standard vertex conditions 


(1) using matrices A and B , 
(2) using the unitary matrix S . 


Are these vertex conditions properly connecting and scaling-invariant? 


Problem 10 Consider the lasso graph depicted in Fig.2.5 with magnetic 
Schrödinger operator satisfying the standard vertex conditions at the vertex, i.e. 
the operator Loa: Assume that the electric potential is zero g(x) = 0 everywhere 
on I’, while the magnetic potential is zero on the semi-infinite edge. Let us denote 
by ® the flux of the magnetic field through the loop: ® = f i a(x)dx. Let U, be the 


unitary transformation u(x) => exp (-i i a(y)dy) u(x) removing the magnetic 
potential on the loop. Consider the Laplacian 


Lo = Ua Lo,a Ug |. 


(a) How do the vertex conditions for La depend on the magnetic flux ®? 
(b) Calculate the scattering matrix for the operator Lo. 
(c) Determine the scattering matrix for the original operator Lo q. 


Problem 11 Vertex conditions can be written in the form (3.21) where S = Sy(1) 
is used as a parameter. How should formula (3.21) be modified so that Sy(ko) is used 
as a parameter instead of Sy(1), for ko € R, k Æ 1. 


Problem 12 Let T5 be a graph formed by 4 edges [x2;-1, x2;], j = 1,2,...,4. 
Let L be the corresponding Laplace operator defined on the domain of functions 
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satisfying the vertex conditions: 


1 5—2 —10 0 0-3 u(x1) 
110-100 0-1 u(x2) 
210 -10-10-1 u(x3) 
110-100 0-1 u(x4) 
220 0 0-20-2 u(xs) 
01-100000 u(x6) 


-100 10000 u(x7) 
2 1—1 0 0—20 0 u(xg) 
(3.68) 
100-10-1-10 u' (x1) 
100111 0044 —w'(x2) 
011000 01 u' (x3) 
1000000 004] -u(x 
-| 133 111 03 u' (x5) 
011000 01 —u' (x6) 
-100-10-1 00 u' (x7) 
1 00 1 0 1 -10/ \—u' (x5) 


The corresponding vertex scattering matrix is energy independent. Reconstruct the 
metric graph taking into account that the vertex conditions respect connectivity of 
the graph. 

Write the vertex conditions using the other two standard parametrisations: 


(1) via the vertex scattering matrix (canonical); 
(2) via subspaces and Hermitian matrices (Kuchment). 


Hint: Use the fact that the vertex conditions lead to an energy independent vertex 
scattering matrix and, therefore, can be written using projectors as (3.34) or (3.33). 
Hence it is enough to calculate the kernels of the matrices on the different sides of 
(3.68). The corresponding kernels should be orthogonal and span CÈ. 
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Chapter 4 A 
Elementary Spectral Properties TCA 
of Quantum Graphs 


Our first step will be to give a rigorous, self-contained definition of a quantum 
graph—Schrédinger operator on a metric graph. We shall also start looking at its 
spectral properties depending on whether the underlying finite metric graph contains 
non-compact edges or not. We shall do that without deriving the secular equation 
on the spectrum, but using general spectral theory methods instead. Our main tool 
will be comparison between the differential operator on the metric graph and of 
the Dirichlet operator determined by the same differential expression on the set of 
independent edges and Dirichlet conditions at all endpoints. In this way we shall be 
able to prove that the spectrum of finite compact graphs is discrete and satisfies the 
Weyl asymptotics independently of the particular value of the potentials and vertex 
conditions. In the case where non-compact edges are present we shall describe the 
absolutely continuous component of the spectrum. The last section will be devoted 
to the properties of the ground state eigenfunction, in particular we derive the most 
general form of vertex conditions that guarantee that the ground state can be chosen 
positive. 


4.1 Quantum Graphs as Self-adjoint Operators 


As we already mentioned, quantum graphs should be considered as triples formed 
by a metric graph, a differential operator and vertex conditions. Let us provide a 
formal definition of the operator LÌ a(T) in the case of most general parameters 
considered in this book. Assume that the parameters T, q,a and S satisfy the 
following assumptions: 


e the graph I’ is a metric graph formed by N. compact and N; infinite edges; 
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e the (electric) potential q is a real-valued absolutely integrable potential on T 
satisfying in addition the Faddeev condition (4.2): 


q € Li), (4.1) 


[atten aids < oo; (4.2) 


e the magnetic potential a is a real-valued uniformly bounded function, continuous 
on every edge 


aec(r\ VY); (4.3) 
e the vertex matrix S is a unitary properly connecting matrix, in other words, S is a 


collection of M irreducible unitary d” x d™ matrices S”, where d” is the degree 
of the vertex V”. 


Consider first any edge En and the differential expression (2.17) 


d 2 
Tq,a = E +a(0)) + q(x) 


defined on the functions u from the Sobolev space W3 (En) which are mapped by 
Tq,a to a function from L2(En), 


Tq au = f € Lo(En). (4.4) 


Every such function u is continuous as a function from w1 (En) and satisfies the 
differential equation 


d a 
(i£ +a) u+q u = f (4.5) 
EC(En) €L2(En) 
— 


EL} loc (En) EL} loc(En) 


with a certain f € L2(E,).! The function u is continuous, hence qu is locally abso- 
lutely integrable. Moreover, every square integrable function is locally absolutely 


1 If the graph T is compact (no semi-infinite edges are present), then one may drop the subscript 
loc in the formula above. 


4.1 Quantum Graphs as Self-adjoint Operators 67 


integrable. Summing up we have 


d d d 
if (if +a)u=f—qu-a(iZ ta)u. (4.6) 
—— 
L2(En) 
——— Ý 
Li Joc(En) 


The magnetic potential a is a continuous function and (i 4 + a) u is square inte- 
grable, hence their product is also locally square integrable and locally absolutely 
integrable. It follows that the derivative of (i£ + a) u is a locally absolutely 
integrable function, hence (i Tn + a) u is continuous, hence u’ is also continuous. 

Since every function u from the domain of the differential operator is continuous 
and has continuous first derivative, i.e. 


u, ue C(En), 
we may introduce the following vectors associated with each vertex V”: 


EV”) = {u(xs}xjevm €C™, 
7 (4.7) 
au(V”) = {du(xj)}xjevm E c1 ‘i 


where the extended normal derivatives du(x;) were defined in (2.26) and u(x;) 
denotes the limit value of the function u from inside the corresponding edge. Then 
following (3.21) we impose the vertex conditions that any function from the domain 
of the operator should satisfy 


i(S” — Du(V™) = (S" + Dəu(V”), m=1,2,...,M, (4.8) 


where S” are the irreducible unitary d” x d” matrices forming the D x D matrix S 
(D = 2N. + Ni). Unitarity of S™ is needed to ensure that the differential operator 
is symmetric and even self-adjoint. Irreducibility of the matrices S” is needed 
to ensure that no one of the vertices can be divided so that the set of functions 
satisfying vertex conditions is preserved, i.e. that the vertex conditions reflect how 
different edges in I are connected to each other. We call such vertex conditions 
properly connecting. 


Definition 4.1 The operator LS a(l) acting in the Hilbert space L2(T`) is defined 


by the differential expression Tg, a = (i 4 + a(x)) +(x) on the domain consisting 
of functions from the Sobolev space wi (Tr \ V) = Dr. 1 W1 (En) such that their 
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image under Tq,a lies inside the Hilbert space L2(T), i.e. 


2 
Tq, au = E +a) + 1w) u € L(I) 


and the vertex conditions (4.8) are satisfied. 


Let us prove that the operator LS a(T) defined above is symmetric. Given any 
two functions u and v from the domain of the operator, the following holds: 


2, 
/ (4 + a(x)) a) u(x)u(x)dx 
En dx 


2 
7 / ae) (li + ac) +) v(x)dx 
En dx 


d 2 
= -f (G — ia(s)) u(x)u(x)dx 
En 
— f/d 2 
+f u(x) (G — iao) ) v(x)dx 
n dx 


= —(u'(X2n) — ia (xan )u (X2n))V (X27) 


+(u' (x2n—1) — ia (x2n—1)U (X2n—1))V (X271) 
+u(X2n) (v (Xn) = ia(X2n)v(x2n)) 


—u(X2n—1) (v (x2n—1) — ia(x2n—1)0(%2n-1)) 


= dU(X2n)U(X2n) + OU(X2n—1) U(X2n—1) — U(X2n)OV(X2n) + U(X2n-1) 0U(X2n-1). 


Integration by parts is possible, since we have proven that the first derivatives are 
continuous. Note that in the case of semi-infinite interval we get a contribution from 
just one endpoint. Putting all N edges together, we arrive at 


(taat Vp r) = Hs Taatra 
; (4.9) 
= YE ((am(V™), BV") can — HCV"), BB(V")) cam) 


The terms associated with each vertex cancel out separately since both 
(u(V™), au(V™)) and (¥(V™), dv(V™)) satisfy vertex conditions (4.8). The 
cancellation follows from Theorem 3.4, one may also use the proof of Theorem 3.2 
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with A and B given by (3.19). An alternative proof of the symmetry of I a can be 
given using Hermitian parameterisation of vertex conditions described in Sect. 3.4. 


Problem 13 Show that the operator LS a 1S symmetric, using Hermitian parameter- 
isation of the vertex conditions (3.27) instead of (4.8). 


Thus we have proven that the operator LS a(l) is symmetric, but in quantum 
mechanics one usually deals with self-adjoint operators only. Let L be a densely 
defined linear operator in a Hilbert space L2(T). Then the adjoint operator L* is 
defined on the domain Dom (L*) 3 v formed by all functions v € H such that 
(Lu, v) is a bounded linear functional with respect to u € Dom (L).? Every bounded 
functional in accordance with the F. Riesz representation theorem is given by scalar 
product with a certain element h € H 


Then the action of the adjoint operator is given by L*v = h. The vector h is unique, 
since the functions u span Dom (L), which in turn is dense in the Hilbert space. 
An operator L is called self-adjoint if and only if L* = L, where it is required 
that, not only the action, but also the domains of the operators L and L* coincide. 
Every self-adjoint operator is symmetric—this follows directly from the definition 
of the adjoint operator—but the opposite implication does not always hold. Our next 
step is to prove that the whole family of operators L? a(l) is self-adjoint. To make 
the formulas more transparent, it is wise to eliminate the magnetic potential a first 
and prove that the operators LS T) = LS T) are self-adjoint for any q and S. 
Really, consider the unitary transformation in L2 (En) given as multiplication by a 
unimodular function calculated using the magnetic potential 


U” : u(x) > exp (; f aay) u(x). (4.10) 


2n—1 


Then the corresponding differential expressions are related via 
pea ey (4.11) 


It follows that any magnetic Schrédinger operator LS a(l) is unitarily equivalent to 
a certain (non-magnetic) Schrödinger operator Ls which may be parameterised by 


a different vertex matrix S, but with the same electric potential q.’ 


? Remember that we are dealing with unbounded operators, hence (Lu, v) determines a linear 
functional with respect to u, but it might be unbounded with respect to the original Hilbert space 
norm. The functional is bounded with respect to u if and only if there exists a constant C, such 
that |(Lu, v)| < Cy llul]. 

3 The matrices Š can be easily calculated from S using the integrals over the magnetic potential 
along the edges, we are going to return to this question in Chap. 16. 
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Theorem 4.2 The Schrödinger operator L$, (T) is a self-adjoint operator in the 
Hilbert space L(I), provided that T is a finite metric graph, the potentials q and 
a satisfy conditions (4.1), (4.2) and (4.3) and the matrix § is unitary. 


Proof We are going to prove the theorem by calculating the adjoint operator directly 
from the definition. As already mentioned, it is enough to prove the theorem for the 
zero magnetic potential. 

We prove first that the operator is densely defined. On each edge E, = 
[X2n—1, X2n] introduce the function 


o= / E 
X2n-1 


which is continuous. Then the set of functions 
v(x) = SP wa), we CPIP\V) 


is dense and belongs to the domain of the operator since using the identity 


v’ 0v =e 


hgga F w’ (x) 
we have 
—v" + q(x)v = —[v’- oxu] — o (x) |v — o (x)v] — o° (x)v 
E (« fig ay w’) - O EDE ay! — 92h KPO y 
— eB. ey (w" + 20(x)w! + o?(x)w) ; 


where the right hand side clearly belongs to L2(I"). Here we also took into account 
that every function from C° (T \ V) has zero limit values at every vertex, and 
therefore trivially satisfies the vertex conditions. 

Consider now any single edge, say EF; = [x1, x2], and a function u € 
Cr (x1, x2). We need to establish which functions v € L2(£ 1) determine a bounded 
linear functional via 


x2 x2 


Cul + quyvdx al uhdx = (u, h) L,(E;), 


X1 


(—u" + qu, v) L (E1) = J 


x] 


where h is a certain element from L2(EF,). It follows that v is a solution of the 
differential equation 


— v" + q(x) v = h(x) 
= q(x) 
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in the distributional (generalised) sense. Let us rewrite the equation using the 
continuous function o (x) = f i q (y)dy 


- [v -o œw] — ox) [v — ov] — 0? (x)u = h(x). 


It follows that the extended first derivative vl! (x) := v’ — o(x)v satisfies the first 
order ordinary differential equation 


d 
— —yl!l — g(x) = h(x) + o? (x)v € La(E1) C Lı (E1). 
dx —— m 


=: g(x) 


Every solution to the equation is a continuous function, hence we have 
x x S 
JU) = v — o (x)v = ae ha a )dy (/ ol TOD o(s)\ds + c) . 
x] 


It follows that the function v is again a solution to the same first order ordinary 
differential equation with right hand side being a continuous function. Repeating the 
same analysis we conclude that the function v is continuous which in turn implies 
that even its first derivative is continuous. In particular v belongs to w1 (E1). The 
same analysis applies to all edges in F. 

Summing up, v should be a function from W4 (T \ V) such that —v” + q(x)v € 
La(T). Hence in order to show that Dom (L$ (T))*) = Dom (L$ (T)), it remains 
to prove that v should satisfy the same vertex conditions. Consider now functions u 
with the support including just one of the vertices, say V'. Then integrating by parts 
twice, we get the formula 


(tgt, V) Lor) = (BEV), BV") agi — (V, BBV") cat + (4, Tq) LT)» 


where the last term is a bounded functional with respect to u, since tqv € Lo(I). 
The functionals 


u> a(V!), u> au(V!) 
are not bounded on L2(T). Hence (—u’ + qu, v)z,(r) determines a bounded 
linear functional if and only if the boundary terms vanish identically for any 
u € Dom (LŠ (T) : 
(84(V"), DV Doa — (V, IVD) oa = 0. 


Following (3.19) and putting A = i(S! — J), B = S! + the limiting values 
u(V'), du(V') satisfy the vertex conditions described by S! if and only if they can 
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be represented as 


ai(V!) = (oD F 1) 7, aùh =-i ((s')* = 1) F, 


where the vector f € C?” is arbitrary. Therefore we necessarily get 
0 = {=i (89 - r) EEV D)o —(((SY* +1) FBV Down 
= (Fi (s= 1) E0 — (S' +1) 30V D)oa. 
Arbitrariness of f implies that 
i (s'-1) (Vv!) — (s' +1) abv) =0, 


i.e. that v satisfies the vertex condition (4.8) at V!. Since the same analysis is 
applicable to any vertex in I, we conclude that Dom (LS(P))*) = Dom GS). 
Since all contributions from the vertices vanish, integration by parts gives 


(LS (T)u, v) Lar) = (Us TP) LT)» 


which implies that the operators (L$ (T))* is given by the same differential 
expression tg. We conclude that LST) is a self-adjoint operator in L2(T). o 


Self-adjointness of the operators allows us to apply the whole machinery of 
quantum mechanics and spectral theory, in particular perturbation theory, to study 
spectral properties of our models. 


4.2 The Dirichlet Operator and the Weyl’s Law 


To discuss spectral properties of Schrödinger operators on metric graphs, let us in 
addition to the operator LS. a(l) consider the corresponding Dirichlet operator - the 
operator defined by the same differential expression, but on the functions satisfying 
Dirichlet conditions at all vertices. 


Definition 4.3 The Dirichlet operator LP) is defined by the differential 
expression Tg,a (see (2.17)) on the domain of functions u from the Sobolev space 
w1 (I \ V) with tq,au € L(En), n = 1,2,...,N, satisfying the Dirichlet 
conditions at all endpoints: 


u(xj)=0, xj €V. (4.12) 
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Every such operator can be written as the orthogonal sum 


N 


L? D) = Q La): (4.13) 


n=1 


where LP (En) are the differential operators determined by expressions (2.17) 
and Dirichlet conditions on the edges E,,. It follows that the Dirichlet operator 
corresponds to the graph I with all edges separated from each other. In other 
words, the corresponding conditions are not properly connecting (unless of course 
the metric graph I is a collection of disjoint intervals). It is clear that the Dirichlet 
operator is self-adjoint as an orthogonal sum of (self-adjoint) Schrödinger operators 
on compact and semi-infinite intervals. 

To investigate the spectrum of the Dirichlet operator one may consider each 
operator LP a(En) separately. The magnetic potential a can be eliminated using the 
same unitary transformation (4.10) 


L? a (En) = Ug 'LP )(En)Ua. (4.14) 


Here we used that the unitary transformation not only maps the differential 
expressions like in (4.11), but that the Dirichlet conditions are preserved as well. 
Any unitary transformations preserves the spectrum, hence the operators L? q(En) 


and LP o(En) are isospectral, i.e. their spectra coincide (including the multiplicity 
and type). 

If the edge En is compact, then the spectrum of the Schrödinger operator L F (En) 
is purely discrete and consists of an infinite sequence of simple eigenvalues with 
unique accumulation point +00. The standard way to prove this fact is to look at the 
resolvent a? (En) — A)~! and show that it is compact. 

If the edge E,, is semi-infinite, then one has to take into account that the potential 
satisfies the Faddeev condition (4.2), which implies that the spectrum contains 
continuous branch [0, oo) and possibly a finite number of negative eigenvalues 
[133, 218, 219, 397]. 

The Dirichlet operator is a finite orthogonal sum of operators on the edges and 
therefore its spectrum is a union of the spectra of L? a(En). Hence the spectrum 


of the Dirichlet operator I? a(T) contains the branch of continuous spectrum 
[0, o0) with the multiplicity equal to the number N; of infinite edges and discrete 
eigenvalues with unique accumulation point +00. Of course there is no reason for 
the eigenvalues to be simple, but their multiplicity cannot exceed the number of 
edges. 

If both compact and non-compact edges are present, then we observe eigenvalues 
embedded into the continuous spectrum, but these eigenvalues and the continuous 
spectrum correspond to different operators in the decomposition (4.13). 

If compact edges are absent (Ne = 0), then the spectrum above zero is purely 
continuous. One may have negative eigenvalues, but their number is finite. 
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It follows that spectral properties of compact and non-compact graphs differ 
drastically. 


Compact Graphs Let us prove that the spectrum of the Dirichlet Schrödinger 
operator satisfies the Weyl’s asymptotic law, provided semi-infinite edges are absent 
(Ni = 0). 

Theorem 4.4 Let L? a(T) denote the Dirichlet Schrödinger operator on a compact 


finite graph T. The spectrum of Lp a) is purely discrete and satisfies the Weyl’s 
law 


an(L? T) = (5) + O(n), n> 0, (4.15) 


where L is the total length given by (2.9). 


Proof We are going to prove the theorem assuming that g is uniformly bounded 
(satisfies condition (2.19)), also the Theorem holds for L;-potentials (under general 
assumptions (4.1)). Summable potentials require use of quadratic forms to be 
considered in Chap. 11. 

The proof is simplified if, instead of working with the asymptotic formulas like 
(4.15), one introduces the eigenvalue counting function for an interval A C R: 


E4(A) = the number of eigenvalues of A in the interval A. (4.16) 
We shall also use the simplified notation which is useful provided A is semibounded: 
E (A) = the number of eigenvalues of A which are less or equal to A. (4.17) 


We start by looking at the Dirichlet Laplacian L? (T). The spectrum of L? (En) 
on the edge En of length £, is easy to calculate: 


2 

T . . 

varw = (Fs) ped... 
n 


The corresponding eigenvalue counting function is then given by the following 
formula for positive values of A: 


Ln 
EDO) = [£va] , 


where [-] denotes the integer part. Of course it is equal to zero for negative à. Since 
the functions on the edges E, n = 1,2,..., N, are independent as far as the 
Dirichlet operator is concerned, the counting function for L? (T) is equal to the 
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sum of counting functions for single edges and can be easily calculated: 
0, 1 <0 
N 
n=1 T 


For any N positive numbers a, the following elementary estimate holds: 


N N N N 
X amn-N< [Zalni < [a1] + [a2] +: + [an] < bal <} ay, 
n=1 n=1 


n=1 n=1 


(4.19) 


Taking into account that Eror) (àn) = n we derive that the eigenvalue counting 
function satisfies the two-sided estimate 


L£ L 
ZVa-N < Epp (A) < ŽV. (4.20) 
T T 
It follows that the spectrum of the Dirichlet Laplacian satisfies (4.15): 
2 
n ( LPT) = (=) n2 + O(n), n>. (4.21) 


Let us discuss now the Schrédinger operator LP assuming (2.19). The operator 
LP is a bounded perturbation of L? (T) with the norm of the perturbation bounded 
by the Zoo-norm of the potential ||q ||... Hence the following estimate holds for the 
eigenvalues: 


AL? TO) — AVL? 0) < lallo, (4.22) 
implying that 
aL? T) =å? T) +O), j> o. (4.23) 


Taking into account (4.21) and that magnetic potential can be eliminated on each 
single interval, we get the asymptotic formula (4.15) for the Dirichlet (Schrödinger) 
eigenvalues. o 


To prove the theorem for q € Lı (T) one may use that the Dirichlet Schrödinger 
operator on T is infinitesimally small in the quadratic form sense with respect to the 
Dirichlet Laplacian, hence the asymptotics (4.15) follows. The theorem holds even 
for singular (distributions of first order) potentials as the same asymptotics holds for 
any compact interval [272, 273, 461, 462]. 
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Non-compact Graphs Investigating the Dirichlet Schrödinger operator on a graph 
containing several semi-infinite edges, it is reasonable to present it as the following 
orthogonal sum: 


Ne N=N.+Nj 
L? T) = (6 rpe) ejf @ LPE]. (4.24) 
n=1 n=Nc+1 


The spectrum of the first operator on the compact part of I has already been studied: 
it is discrete and satisfies the Weyl’s law with the total length £ substituted with the 
length of the compact part Le := er Ln. 


The second operator is a sum of N; Schrödinger operators on the semi-axes and 
therefore its spectrum is given by the branch of the absolutely continuous spectrum 
[0, oo) of multiplicity N; and maybe a finite number of negative eigenvalues. 

The spectrum of LP (T) is the union of the spectra of these two operators and 
therefore contains eigenvalues imbedded into the continuous spectrum, provided 
Nc #0. 


4.3 Spectra of Quantum Graphs 


Compact Graphs Let us discuss now spectra of the Schrödinger operators LS qa) 
by comparing them with the Dirichlet operators introduced above. In operator 
theory, one would use the following proposition which relates the spectra of two 
operators which are close in the resolvent sense. 


Proposition 4.5 (Theorem 3, p. 215 in [90]) Let A = A*, B = B* satisfy 
T :=(B—cl)!-—(A—¢l1)7!, rank T = dimR(T) =r < o. 
If the spectrum of A in the interval A is discrete then so is the spectrum of B and 
N(A, A) —r < N(A, B) < N(A, A) +r. 


Here R (T) denotes the range of the operator T. The main assumption of the 
proposition is that the difference between the resolvents of two operators has finite 
rank. Interested readers should consult the book by M.S. Birman and M.Z. Solomjak 
[90], or any other standard text on the spectral theory of self-adjoint operators. Our 
immediate goal is to check that the difference between the resolvents of LS aT) 
and LD a(T) satisfies the assumptions of the above proposition. This will allow us to 
prove the Weyl’s asymptotic law for finite compact graphs. Note that we are going 
to give an alternative proof of this fact in Chap.5 without using abstract operator 
theory. 
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Theorem 4.6 Let the metric graph T be finite and compact, then the spectrum of 
the magnetic Schrödinger operator L$ (T) is pure discrete, satisfying the Weyl’s 
asymptotic law 


an(LS (TP) = Eye +0(n), n> o, (4.25) 


and thus having unique accumulation point +00. 


Proof In what follows we are going to identify the minimal operator a defined 


on Cy (T \ V) functions with its closure defined on all functions from WA (T \ V) 
with Tg ,au € Lo(En), n=1,2,..., N, and satisfying both Dirichlet and Neumann 
conditions at all endpoints: 


u(xj) = 0 = du(x;). (4.26) 


The operators LS a and p a are two different self-adjoint extensions of this minimal 
min 
q,a’ 

Since the operators i a and L? a are given by the same differential expression 
we have 


operator L which is symmetric. 


u € Dom (apiri) = (L8, -Xu = (LP, — Du. 


a 


This formula can also be written in the following form: 


Cs a ee (Pa 2)7t] 0. 


R(Lpn—a) T 


Hence to prove that the difference between the resolvents is a finite rank oper- 
ator, it is enough to determine the dimension of the orthogonal complement 
RO) = )+. Assume that f € RECS d)+. Then 

(mia aju, f) = 0 


for any u € Dom (Lpin 


). Integrating by parts twice we get 


(u, (tq,a — X) f) = 0. 


No boundary terms appear because every u € Dom Caf) satisfies (4.26). 
Taking into account that the domain of cer) is dense in L2(T), we conclude 
that 


(tqa — A) f = 0. (4.27) 
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Note that no conditions are imposed at the endpoints of the intervals, hence the 
dimension of the subspace RU )—A)+ is equal to 2N, since on each interval, 
(4.27) is a second order differential equation and has two linearly independent 
solutions.* 

Proposition 4.5 implies that the spectrum of LS a is pure discrete, so the number 
of eigenvalues in any interval (—o0o, A] differ by at most 2N. Since the eigenvalues 
of i a Satisfy the Weyl’s law (4.15) (identical to (4.25)), the same holds for the 
eigenvalues of LS ae o 


The obtained results can be seen as one of the first observations that should be 
used solving the inverse problems: 


Observation 4.7 The total length of the graph T can be deduced from the 
asymptotics of the eigenvalues 


L=x lim ——— (4.28) 


B PET 


provided the graph T is finite and compact. 


Note that we used the minimal operator pom to estimate the dimension of the 


subspace RC ) — A)+. Whilst the inclusion 


Dom (L? ,(0)) N Dom (LP, ()) > Dom (L™(L)) 


always holds, it might happen that the intersection between the domains of LS q and 


LP a is much bigger than the domain of the minimal operator. For example, for the 
standard and Dirichlet operators 


Dom (L¥ ,(F)) N Dom (LP, (T)) 
consists of all functions satisfying both the Dirichlet and standard vertex conditions: 


u(xj) =0,7 =1,2,...,2N and 5 du(xj) =0, m=1,2,...,M. 


xjev™ 
Hence the dimension of RL) — A)+ cannot be larger than M (< 2N) in this 
case. 


Non-compact Graphs We are not going to discuss spectral properties of non- 
compact graphs in depth in this book, but for the sake of completeness, we prove that 


4 What we have done can be seen as follows: we have calculated the deficiency indices of the 


operator Lay Equation (4.27) can also be written in the operator form (Loa —A)f = 0, 


since aay = LPZ (T). 
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in the presence of semi-infinite edges the operator has branches of the continuous 
spectrum. To prove this result we shall need the following theorem from [90]. 


Proposition 4.8 (Theorem 5, p. 216 in [90]) Under the hypotheses of Proposi- 
tion 4.5 


Xe (B) = Xe (A). 


(Here Xe denotes the continuous spectrum of an operator.) 


We have already proved that the spectrum of L? a(T) contains branch [0, oo) of 
continuous spectrum of multiplicity N;. Modifying the proof of Theorem 4.6 we see 
that the difference between the resolvents (L A a= àa)! — (L A u~ à)! has rank at 
most D = 2N, + N;. One needs to take into account that equation (4.27) has just 
one square integrable solution in the case of semi-infinite intervals. 


Theorem 4.9 The spectrum of the magnetic Schrödinger operator LS a(l) on the 
finite metric graph T with N; semi-infinite edges contains a branch of continuous 
spectrum [0, oo) with multiplicity N;. The negative spectrum consists of a finite 
number of eigenvalues. 


Note that this theorem does not say anything about the positive discrete spectrum. 
Different scenarios may be observed: the positive discrete spectrum may be empty, 
or embedded eigenvalues may be observed. The eigenfunctions corresponding to 
embedded eigenvalues are necessarily equal to zero on all semi-infinite edges. 


4.4 Laplacian Ground State 


Let us study the lowest eigenvalue and the corresponding eigenfunction for the 
standard Laplacian L‘'(I’). This operator is uniquely determined by the metric graph 
I’, and, therefore, its spectrum is sometimes referred to as the spectrum of the graph 
T. We have already seen that the constant function w(x) = 1 is an eigenfunction 
corresponding to the eigenvalue A; = 0: 


e y satisfies the eigenfunction equation 
— y1 @) =0; (4.29) 


e wy satisfies the standard vertex conditions (2.27). 


If the graph T° is connected, then the multiplicity of the ground state (as the lowest 
eigenvalue and the corresponding eigenfunction are often called) is equal to one. 
Otherwise the multiplicity is equal to the number of connected components in I’. 


80 4 Elementary Spectral Properties 


Lemma 4.10 Let be a compact finite graph. The standard Laplacian is a non- 
negative operator with the lowest eigenvalue 4, = O with the multiplicity equal to 
the number Bo of connected components in T. 


Proof Suppose first that the graph I is connected. Let us calculate the quadratic 
form of L* (T): 


N 
(Luu) =f wc? =o. 


n=1 


Hence the operator is semibounded, more precisely non-negative. It follows that the 
spectrum of L* contains only non-negative eigenvalues. The lowest possible such 
number is A; = 0, and we have seen that it is an eigenvalue with the eigenfunction 
wy = 1. It remains to prove that such eigenfunction is unique. 

Any eigenfunction corresponding to 4; = 0 should minimise the quadratic form, 
hence it is equal to a constant function on every edge. The continuity condition in 
(2.27) implies that the eigenfunction is equal to the same constant on the whole 
graph. 

Consider any graph I consisting of Bo connected components. The Laplace 
operator on I is equal to the orthogonal sum of Laplace operators defined on 


the connected components. Each of these operators has A; = O as an eigen- 
value of multiplicity 1. Hence the ground state for the Laplacian on I" has 
multiplicity Bo. o 


An alternative proof can be given by looking at the eigenfunction equation (4.29) 
directly. Solutions to this differential equation are linear functions on every edge. 
Standard vertex conditions imply that the function is continuous on the whole metric 
graph. Its maximum is situated at one of the vertices, say V!, since the function 
is linear on the edges. All normal derivatives at V! are non-positive, since it is 
a maximum. But their sum is zero (Kirchhoff condition in (2.27)), hence each 
of the normal derivatives is zero. This implies that the function is constant on 
the edges joined at the vertex where the maximum is attained. It follows that the 
maximum is also attained at any vertex directly connected to V! by an edge. The 
same reasoning may be applied to this vertex implying that the function is constant 
on all edges emanating from it. Continuing this procedure, we prove that yı is a 
constant function of the whole I’, since it is connected. Hence the ground state is a 
constant function. 

The obtained result can also be reformulated in the form suitable for inverse 
problems: 


Observation 4.11 The multiplicity of the eigenvalue à} = O of the standard 
Laplacian L*(T) determines the number of connected components in T. 
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4.5 Bonus Section: Positivity of the Ground State for 
Quantum Graphs 


The celebrated nodal domain Courant theorem [148, 149, 431] implies that the 
ground state eigenfunction for a Schrödinger operator on an interval can be chosen 
positive and the corresponding eigenvalue is simple; moreover, if the boundary 
conditions are not Dirichlet, then the ground state has no zeroes. Our aim is to 
examine to which extent a similar theorem holds for operators on metric graphs. 


4.5.1 The Case of Standard Vertex Conditions 


In this subsection we consider Schrödinger operators on metric graphs with standard 
vertex conditions. 


Theorem 4.12 Let Le = -4 + q(x), q(x) € R,g € Lı(T) be a standard 
Schrödinger operator on a finite compact connected metric graph T. The domain of 
the operator is given by all functions u from the Sobolev space w1 (T \ V) (here V 
denotes the set of all vertices in T ) such that 


— u" + que Lo(T) (4.30) 
and satisfying standard vertex conditions at the vertices: 


xi, xj € V” => u(xj;) = u(xj) — continuity, 
Y au(x;) = 0— Kirchhoff (4.31) 


xjev™ 


Then the ground state eigenfunction is unique and may be chosen strictly positive. 


Note The original proof of A. Pleijel [431] of the Courant nodal domain theorem 
can be transferred to standard Scrhédinger operators on graphs without many 
modifications. That proof would imply that the ground state eigenfunction has 
a single nodal domain. But this property cannot exclude the possibility that the 
function has zeroes - not every zero leads to nodal domains as in the case of one 
interval. Consider for example a non-negative function on a ring: if the function has 
just one zero, then there is just one nodal domain. It is necessary to show that the 
ground state eigenfunction cannot have zeroes without changing sign both inside 
the edges and at the vertices (see the second part of the proof below). 


Proof Let u be a ground state eigenfunction, then the function w is also a ground 
state, since both the differential equation 


—u"+q(x)u=Au, à ER, (4.32) 
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and the vertex conditions are invariant under complex conjugation. Hence the 
ground state(s) (as well as all other eigenfunctions) can always be chosen real 
valued. 

The quadratic form of the operator Le is given by 


Qiy = (us Lau) = f wePax+ f geucPas, (4.33) 
r r 


and the lowest eigenvalue can be obtained by minimising the Rayleigh quotient (see 
also Proposition 4.19) 


— min LOOP + fr alu) Px 


M= 4.34 
i Jp lu(Œ)|?dx E 


The domain of the quadratic form is given by all functions from w1 (T \ V), 
which are in addition continuous at the vertices. One may extend the domain of the 
quadratic form allowing functions which are not necessarily from w1 on the edges, 
but are piece-wise w1 and continuous. This will allow additional dummy degree 
two vertices on the edges, which of course can be removed if the vertex conditions 
are standard. We are going to call such functions admissible. 

Any ground state is an admissible function minimising the Rayleigh quotient. If 
a function u is real valued and admissible, then |u| is also admissible with the same 
Rayleigh quotient. Hence the minimiser of (4.34) can be chosen not only real, but 
even non-negative. 

We shall prove now that if yı is a non-negative minimiser for (4.34), then it is 
never equal to zero. This would imply that Yı may be chosen strictly positive. We 
need to exclude that yı may have zeroes on the edges or at the vertices. 

If yı is a minimiser of the Rayleigh quotient, then it is an eigenfunction of the 
corresponding Schrödinger equation, i.e. it satisfies the differential equation on the 
edges as well as vertex conditions. 

The fact that non-negative yı satisfies the differential equation (4.32) and 
standard vertex conditions will allow us to prove that it is never equal to zero. 
Assume first that yı is equal to zero at a certain point xo inside an edge Ey. 
The function yı is a minimiser for (4.34) and therefore satisfies the second 
order differential equation (4.32) on the edge. The function yy is continuously 
differentiable in particular when x = xo and its derivative there should be equal 
to zero, since the function is non-negative and yj (xo) = 0. It follows that at this 
particular point the function y satisfies zero Cauchy data 


| yı(xo) = 0 
Yi (xo) = 0 
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and therefore is identically equal to zero on the whole edge E, as a solution to the 
second order ordinary differential equation. This implies that yı should be equal to 
zero in a vertex—we come to the second possibility we need to consider. 

Assume now that y is equal to zero at a certain vertex V”. Since y1 is a 
minimiser for (4.34) it satisfies the standard vertex conditions at this vertex. The 
function y1 is non-negative and is equal to zero at the vertex. It follows that all 
normal derivatives are non-negative, but their sum is equal to zero; hence all normal 
derivatives are actually equal to zero. We see that as before yı satisfies a second 
order differential equation with zero Cauchy data on every edge incident to V™”. It 
follows that y is zero not only at this particular vertex V” but at all neighbouring 
vertices as well. Repeating the argument we conclude that yy is identically equal 
to zero on the whole F (which is assumed to be connected) and therefore is not an 
eigenfunction. 

It remains to prove that the lowest eigenvalue is simple. Assume that the lowest 
eigenvalue is not simple and there exist two orthogonal eigenfunctions yı and y2. 
One of these eigenfunctions can be chosen positive, say y1, then the other one 
necessarily has zeroes, since it is continuous and attains both positive and negative 
values being orthogonal to yı. Every such function is identically equal to zero as 
we have already proven. Hence the lowest eigenvalue is in fact simple. o 


In a similar way the following corollary can be proven: 


Corollary 4.13 Let Ly = Ta + q(x), g(x) € R,q € Lı (T) be a Schrödinger 
operator on a finite compact connected metric graph T. The domain of the operator 
is given by all functions from the Sobolev space w1 (T \ V) satisfying (4.30) and 
delta type vertex conditions at the vertices: 


the functions are continuous 
f m > Qi ER. (4.35) 

È xjevm du(x;) = aj;u(V ) 
Then the ground state eigenfunction may be chosen strictly positive. Moreover, the 
corresponding eigenvalue is simple. 


To prove the corollary one needs to take into account that the domain of the quadratic 
form is again invariant under taking the complex conjugate and the absolute value. 
Moreover if y1 is equal to zero at a vertex, then it satisfies standard vertex conditions 
there. 


4.5.2 A Counterexample 


Our goal here is to provide an explicit example showing that it might be impossible 
to choose the ground state eigenfunction positive. Consider the Laplacian on the 
cycle graph I'(2.3) formed by two edges Ey = [x1, x2], E2 = [x3, x4] with signing 
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Fig. 4.1 Graph I'(2.3) LAL 


L322 


conditions (3.43) introduced at the two vertices V! = {x1, x4}, V7 = {x2, x3} (see 
Fig. 4.1) 
u(x) = —u(x4) aad u(x2) = —u(x3) l (4.36) 
du(x1) = Ju(x4) du(x2) = du(x3) 


The lowest eigenvalue 1; = 0 is simple, but the corresponding eigenfunction is not 
sign definite 


l, xe E, 

naaa 

The main reason for the ground state not to be positive in this example is that 
the domain of the quadratic form is not invariant under taking the absolute value 
(only functions equal to zero at the vertices satisfy |u(x1)| = —|u(x4)|, |u(x2)| = 
—|u(x3)|), despite the fact that the ground state eigenfunction can be chosen real 
valued. 

Our goal in the rest of this section is to characterise vertex conditions that 
guarantee that the ground state is unique and can be chosen positive definite. It 
is not our hope to describe all metric graphs with positive definite ground states. 


4.5.3 Invariance of the Quadratic Form 


Our proof of Theorem 4.12 for standard vertex conditions was based on the fact 
that the eigenfunctions are solutions to the second order differential equation on the 
edges and the following two properties of the quadratic form: 


e for complex valued functions the quadratic form is invariant under complex 
conjugation; 

e for real valued functions the quadratic form is invariant under taking the absolute 
value. 


One may put together these two conditions by requiring that the following inequality 
holds [337] 


QO(\u|, |u|) < Qu, u), (4.37) 
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where the value of the quadratic form is set to +00 if the argument does not belong 
to its domain. Therefore this inequality implies in particular that the domain of the 
quadratic form is invariant under taking the absolute value. 

We shall need a few definitions: two are coming from [442] (positive and strongly 
positive functions), and one (strictly positive) is new—we need it to formulate a 
stronger version of the theorem. 


Definition 4.14 A function f is called positive if it is non-negative f(x) > 0. 
A function f € L2(T) is called strongly positive if f(x) > 0 holds almost 
everywhere on T. Finally, a function f is called strictly positive if f (x) > 0 holds 
everywhere on I" except at those vertices, where Dirichlet conditions are assumed. 


It is clear that every strictly positive function is strongly positive, and every 
strongly positive one is positive. 

For arbitrary vertex conditions the quadratic form of the Schrödinger operator 
LST) is given by (3.55) 


M 
Qism u) = Í |! (x)[?dx + Í q(x)|u(x)Pdx + $ (A" uV"), UV cam. 
m=1 


(4.38) 


The domain of the quadratic form coincides with Ww (T \ V) subject to generalised 
Dirichlet conditions (3.56) 


P” ai(V") =0, m=1,2,...,M. (4.39) 


We are going to show, that we have property (4.37) only if the vertex conditions 
are generalised delta couplings (see Sect.3.7). It is straightforward to see that 
generalised delta couplings imply (4.37), provided the weights are positive and the 
matrix A is a negative Minkowski M-matrix—this will be seen from the proof. A 
real Hermitian matrix is called Minkowski matrix if all its non-diagonal elements 
are non-negative: 


Mj;>0, iF j. (4.40) 


Theorem 4.15 Let LS(T) be a Schrödinger operator on a connected finite compact 
metric graph I with arbitrary properly connecting vertex conditions. We assume 
that under taking the absolute value the domain of the quadratic form does not 
change and the value of the quadratic form does not increase 


Ors) (lul, lul) < Ors), u). (4.41) 
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Then the vertex conditions are either Dirichlet conditions or generalised delta- 
couplings as described in (3.44) with all weights non-negative and the matrices 
—A” being Minkowski M-matrices. 


Proof We divide the proof into two steps. 


Step 1 The domain of the quadratic form is invariant under taking the absolute 
value if only if each subspace (I — P” CT", m = 1,2,...,M, is trivial or 
is generated by several vectors a with non-negative coordinates and disjoint 
supports. 


Let us remind that the projector P”, is the eigenprojector corresponding to the 
eigenvalue — 1 (if any) of the unitary matrix $” parameterising vertex conditions at 
the vertex V”. The domain of the quadratic form is given by the requirement that 
each vector u(V) of boundary values belongs to the linear subspace (J — pm yc? r 
The vertices can be treated separately. 

Let us pick up any particular vertex V and assume that it joins together the 
endpoints x1, X2, . . . , Xq. Consider any basis Gi jJ=1,2,...,n,n < d generating 
the subspace. Without loss of generality we may assume that the vectors satisfy 


āj(xi) SOs 1, J Sg 2y os05 Ms (4.42) 
This can be achieved by permuting the coordinates in C? and Gaussian elimination. 
Note that we do not require that the basis is orthogonal. 


Taking the absolute value we map any vector ù € C% to a vector from Ri in 
accordance to the following rule: 


|u(V)| = (u1), w(x), -.., UKD = (lu, u2), a. (4-43) 


Consider the two-dimensional subspace generated by the vectors a; and ap. 
Every vector in this subspace is uniquely determined by its first two coordinates: 


ud =ad,;+ 42, œ, p EC > a=A(x1) & B=U(xX). 
In particular, the coordinate number j is given by 
U(xj) = wa) (xj) + Ban(x;). (4.44) 


Every vector in the subspace is uniquely determined by its first n coordinates, 
hence the vector |u| belongs to the same subspace if and only if 


|u| = |æ] |ay| + |B| laal (4.45) 
holds. Comparing the j-th coordinates calculated using (4.44) and (4.45), we obtain: 


laa) (xj) + Ba2(xj)| = la| lã Œj) + 18l lä2&Œ;)l. (4.46) 
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The latter equality holds for any a and £ if and only if at least one of the coordinates 
a (xj) and a2(xj;) is equal to zero, in other words only if the vectors a; and dz have 
disjoint supports, since j Æ 1, 2, is arbitrary. 

Comparing the first two coordinates we conclude that 


|u| = |a| a1 + |8| a2. 


The coordinates of this vector are non-negative only if the coordinates of the basis 
vectors ihe j = 1,2, are non-negative. 

The same analysis applies to any pair of vectors from the basis, hence we 
conclude that all a; have disjoint supports and non-negative entries. 

Thus we have proven that the conditions at each vertex should be the generalised 
delta-couplings, since without loss of generality the vectors a; can be normalised. 

With each vertex V” we associate vectors a’, j = 1,2,...,n”" < d” with 
nonnegative coordinates and disjoint supports and a Hermitian n” x n™ matrix A” 
connecting the boundary values at the vertex V™ via the second equation in (3.44) 


(an, au(v™)) Sam (ar „ū(vV™)). 


i=l 


Step 2 The value of the quadratic form does not increase while taking the absolute 
value if and only if the Hermitian matrix -A = —A! @ A? ®--- @ A™ is of 
Minkowski class (all non-diagonal entries are non-negative). 


Of course, we assume here that the domain of the quadratic form does not change 
while taking the absolute value. We need to satisfy the inequality (4.41) which can 
be written as follows using (4.38) 


[ (Wate? tau) dx + SA, AM hom 


m=1 


<f (w +q 0)lu (x)| dast Y ti (a, A") os 
m=1 


(4.47) 


The integral terms containing the potential g can be cancelled. Therefore 
sufficient conditions for the inequality to hold are that 


| (lul œ)? a lu (x)|2dx, 


M (4.48) 


Sa AM) oom < YOG", AME) om, 


m=1 m=1 


88 4 Elementary Spectral Properties 
The first inequality is trivially satisfied, since we have 


(lul œ)? < Ju’)? (4.49) 


pointwise, but this does not directly imply that the second inequality should also be 
satisfied. On the other hand point values of functions from wl are not controlled 
by Lz-norms of their first derivatives. We can see this explicitly by constructing a 
piece-wise w3 [0, £] function with arbitrarily small L2-norm of the first derivative 
and arbitrary values at the endpoints. Assume that we are looking for a function on 
[0, £] satisfying the boundary conditions 


u(0) = rie”, u(t) = roe, ri r2 E€ R+, 01,62 E R. 


Consider for example the following function: 


, 3x/e 
ae T ; 0 <x < ¢/3, 
u(x) = 4 eei TOt) 073 < x < 24/3; 
eine (a)y 2/3<x<e 
ie G ‘i ==? 


with a certain 0 < € < 1. The function is piece-wise continuous and small at the 
middle of the interval: 


ju(x)| =€, £/3 < x < 22/3. 


Then the difference between the Dirichlet integrals for u and |u| is proportional to 


e? since the two derivatives |u’ (x)| and |u(x)|’ are equal on [0, £/3] U [2£/3, £] 


£ 2/3 
lu! lite — Utell = [ (wP — (u@x)|)2)ax = f Meas 


4/3 9(6. — 1)? 3(02 — 01)? 
= ene D J= a g 
/3 


It follows that inequality (4.47) holds for any piecewise w1 -function if and only if 
the second inequality in (4.48) holds for arbitrary limiting values (in addition to the 
first one which holds independently of the vertex conditions). 

Different vertices can be treated independently, hence the following inequality 
should hold for each vertex 


(\w"|, A” 0”) < Ñ”, A™W”), m= 1,2,..., M. (4.50) 


5 This can be seen for example from the Sobolev inequality (11.11) below. 
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Our goal is to prove that the matrices A” should have non-positive entries outside 
the diagonal. Consider first the case where W” has just two non-zero coordinates (in 
other words, u(V”) belongs to the linear span of say aj’ and a}’). Calculating the 


quadratic forms of ù” = aaj’ + Bas and |u’"| and substituting into (4.50), we get: 


(0, A” 6") = Ja? (A) + fox] |B] ((A)o1 + (A™)12) + 1817 A)22 
< Jæ A”) + @B(A™)o1 + @B(A™)12 + BPA = (0, A” U”), 
implying that 
la| |b|Re (A™)12 < Re (āb(A™)12) 


holds for any complex «œ and £, which is possible if and only if (A™”)ı2 is a non- 
positive real number. Of course the same condition is enough even if more than two 
vectors are considered. No restriction on the diagonal elements is needed, since in 
the inequality above the diagonal terms cancel. 

Summing up, the domain of the quadratic form is given by the requirement that 
at each vertex V” the vector of boundary values belongs to a subspace spanned 
by n™ < d” vectors with disjoint supports and non-negative coordinates u(V™) € 
Lary , and the matrix A” is Hermitian with non-positive non-diagonal entries. 


Remember that we consider only properly connecting vertex conditions implying 
that the supports of vectors a’ cover all points x; € V™ (see Eq. (3.46)) and the 
matrix A” is irreducible. l 

Thus the vertex conditions coincide with the generalised delta-couplings deter- 
mined by (3.44). E 


It is straightforward to see that generalised delta couplings guarantee that 
(4.41) holds. Using Beurling-Deny criterion one may characterise possible vertex 
conditions with the help of Theorem 6.85 in [393], but our characterisation appears 
more explicit. 


4.5.4 Positivity of the Ground State for Generalised 
Delta-Couplings 


We are ready to generalise Theorem 4.12 to Schrödinger operators with generalised 
delta vertex conditions. 


Theorem 4.16 Let LT) be a Schrödinger operator on a connected finite compact 
metric graph T with q € Lı(T). Suppose the vertex conditions are either Dirichlet 
or generalised delta-couplings with non-negative weights and the coupling matrix 
A being a negative Minkowski M-matrix. Then the ground state is unique and may 
be chosen real, in which case it is strictly positive. 
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Proof We are going to modify the proof of Theorem 4.12. It has been already shown 
that generalised delta couplings with the prescribed properties guarantee that the 
quadratic form does not increase under taking the absolute value (Theorem 4.15), 
hence the ground state can always be chosen non-negative. It remains as before to 
exclude the possibility that yı is zero at other points, than the Dirichlet vertices. 
Assume the opposite: the eigenfunction yw is equal to zero at a certain point xo € 
T, which is not a Dirichlet point. As before, two possibilities should be considered: 


e xo iS an inner point on an edge, 
e xo belongs to a vertex. 


If xo lies on an edge, then repeating the arguments used in the proof of Theorem 4.12 
we conclude that w is identically equal to zero on the whole edge. In particular the 
function yf; is equal to zero at the two vertices that are the endpoints of the edge. 

It remains to study the case where xo belongs to one of the vertices, say V”. 
Remember that we do not necessarily assume continuity of the functions at the 


vertices. Consider the corresponding weight vectors aj", a5’, ..., a’. If xo belongs 


s Unm- 


to the support of a", then the first coordinate in ù” is zero. We consider the second 
condition in (3.44): 


nm 

(aj', du(V")) =O+ > (A™)1i (aj",u(V"™)) . 
—$— a mo — ———S 
>0 i=2 cg 50 


The left hand side is non-negative, since the function is non-negative inside the 
edges and is equal to zero at the endpoints in the support of aj’. The scalar products 


(a;" , u) are non-negative, since the function u is non-negative. This is possible only 
if 

(aj, au(V"")) = 0 
and all 


a", i(V™)) = 0, 
provided (A”),; Æ 0. At least one of the coefficients (A”),; is different from 
zero, since otherwise the matrix A” is reducible. It follows that at least one other 
coordinate of U” is zero. Repeating this procedure if necessary, we prove not only 
that the vector uw” is identically zero, but that all scalar products of du(V™) with the 
vectors aj’, a5’,..., a", are zero. It follows that all normal derivatives at V” are 
also zero, since 01 (xe), xe € V™ are all non-negative. 

We conclude that on every edge incident to V” the function y4 is a solution 
of the second order differential equation satisfying zero Cauchy data. Hence the 
function is identically equal to zero on all edges incident to V”. 
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Repeating the argument for the vertices connected to V” by an edge, we 
conclude that y is zero on all edges incident to those vertices. Continuing this 
procedure we conclude that Yı = 0 on the whole I, since the graph is connected. It 
follows that the ground state eigenfunction can be chosen strictly positive. 

The arguments used above cannot be applied to Dirichlet points, it is required 
that the ground state vanishes at such points, but positivity of the normal derivative 
at such points does not lead to any contradiction. 

The uniqueness of the ground state follows as before from the fact that the ground 
state can be chosen non-negative. o 


One may combine Theorems 4.15 and 4.16 to prove the following 


Corollary 4.17 Assume that the quadratic form of the Schrödinger operator on a 
connected finite compact metric graph T does not increase under taking the absolute 
value, then the corresponding ground state is unique and can be chosen strictly 
positive, i.e. the eigenfunction is equal to zero only at the points where the Dirichlet 
conditions are prescribed. 


In fact we not only proved that y1 is strongly positive, but characterised explicitly 
all points where w is equal to zero. If there are no Dirichlet points, then yw is 
separated from zero W(x) > 6 > 0. 

One may also prove the opposite statement, namely that generalised delta 
couplings together with Dirichlet conditions form the optimal family of vertex 
conditions that guarantee positivity of the ground state eigenfunction. It is not true 
that any vertex conditions different from the described class lead to an operator with 
a non sign-definite ground state. The following theorem is proven in [337]: 


Theorem 4.18 The class of generalised delta-couplings and Dirichlet conditions 
is optimal to guarantee positivity of the ground state eigenfunction for Schrödinger 
operators on metric graphs in the following sense: 

Assume that Hermitian vertex conditions not from the selected class are given. 
Then there exists a metric graph F and a Laplace operator on it with given vertex 
conditions at one of the vertices and generalised delta-couplings and Dirichlet 
conditions at the other vertices such that its ground state eigenfunction cannot be 
chosen non-negative. 


The theorem can be proven by just looking at the Laplacian on a non-equilateral 
star graph with the vertex conditions not from the described class. To get operators 
with non-positive ground state eigenfunctions one considers different limits as the 
edge lengths go to zero. Please consult paper [337] for a complete proof. 

Positivity and uniqueness of the ground state is closely related to the positivity 
preserving property of the corresponding semigroup. This question has been 
discussed in [337] and [393]. 
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4.6 First Spectral Estimates 


The Weyl’s asymptotics (4.15) does not imply any estimate for some of the 
eigenvalues, or that a Schrédinger operator cannot have multiple eigenvalues even 
with large indices. It turns out that the maximal multiplicity of the eigenvalues 
can be estimated using the structure of the underlying metric graphs [279], more 
precisely using the corresponding discrete graph. We are going to discuss this 
question in full detail in Chap. 17. We present here just few naive estimates 
necessary for our analysis in the following chapters. 


Rayleigh Quotient and Max-Min Principle Every Schrödinger operator is semi- 
bounded from below and has discrete spectrum (provided the metric graph is finite 
and compact) allowing to effectively use min-max and max-min principles involving 
Rayleigh quotients [442]: 


Proposition 4.19 Let A be a self-adjoint, semi-bounded from below operator with 
discrete spectrum, then the eigenvalues àn (A) counted from below can be calculated 
using one of the following two formulas 


Qalu, u) 


Àn(A) = min max n=1,2,..., 4.51 

n(A) eae (4.51) 

àn(A) = max min a WEA De cons (4.52) 
Vn-1 ulLVy-1 eal 


where Q 4 (u, u) denotes the quadratic form associated with the operator A and Vn 
ranges over all n-dimensional subspaces of the domain Dom (Q 4) of the quadratic 
form. 


Uniform Estimates 

Theorem 4.20 Let T be a compact finite metric graph of the total length L, with N 
edges and M vertices. The eigenvalues of the standard Laplacian L* (T) satisfy the 
estimate 


xy? 2 st 7 \? 2 

(=) (n — M)? <A, (LS) < (=) m+N-1?, n>M. (4.53) 
Proof For a bounded from below self-adjoint operator A with discrete spectrum, 
define the eigenvalue counting function E (A) by (4.17). The standard Laplacian 
is positive therefore when calculating the eigenvalue counting function we assume 
that A > 0. This is also the reason that the lower estimate in (4.53) is interesting 
only ifn > M. 
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The eigenvalue counting function for the Dirichlet Laplacian LP (T) has already 
been calculated, see (4.18). We also obtained the following two-sided estimate 
(4.20) 


L L 
—VA— N+ 1 < Epm âà) < — V2. (4.54) 


We have already shown that the difference between the resolvent of L* and LP 
is of finite rank (less or equal to 2N, see the proof of Theorem 4.6). It is not hard to 
improve this result and show that the rank is less than M, since both the Dirichlet 
and standard Laplacians are defined on functions that are actually continuous at the 
vertices. Assume that 


Caaf. (L*— Aut = f. 


Then the difference y := uP — u* satisfies the homogenous differential equation 


on the edges 
d? 
-— A =0 


and are continuous at the vertices, since functions in the domain of LP and L** 
are continuous. The function y is uniquely determined by its values w(V”) at the 
vertices. Consider any edge En = [x2n—1, X2n] between V’ and V/, then 


sin k(x — x27) sin k(x — X2n—1) 


Rad. 
(4.55) 


- + yvi) ; 
sin k(X2n—1 — X2n) sin k(x2n — X2n—1) 


yax) = yV’) 


Remember that à ¢ R and therefore does not belong to the spectrum of LP, hence 
sin k(x2n —X2n—1) = sink£, Æ 0. So the resolvent difference is of rank less or equal 
to M. Therefore we have 


Vi 


The lower estimate (4.54) can in principle be modified in a similar way, but instead 
we shall take into account that L*(T) < LP (T) (in the sense of quadratic forms). 
These quadratic forms are given by the same expression and their domains include 
continuous at the vertices wi (T \ V) functions. The domain of the quadratic form 
domain for Dirichlet operator is characterised by the additional assumption that the 
function is equal to zero at the vertices (endpoints). Therefore max-min principle 
(Proposition 4.19) implies that the eigenvalues of the Dirichlet Laplacian do not 
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exceed the eigenvalues of the standard Laplacian. Therefore the lower bound (4.54) 
on the eigenvalue counting function Ez np) is valid for E zsp) as well. 
Putting the lower and upper estimates together we have 


[2 


c| —N+1< Erm (à) < [2] +M (4.57) 


x _ 77.2 : 
Setting à = gui we obtain 
2 


n—-N+1 < Ersm) (5) <n+M, 


so 


2 
uw 2 
Àn-N+1 S T2” < Àn+M. 


Setting n’ = n + M we get Ay > z5 — M)* and similarly we find A, < 


x an! + N — 1)’, which proves the theorem. o 
T2 P 


The derived estimates can be improved if one takes into account the topology and 
geometry of the graph. We are going to return to this question below (Chaps. 11—13). 

To illustrate how far from optimal the estimates are, let us check, what can be said 
about the maximal possible multiplicity of the eigenvalues. Assume that a certain 
eigenvalue 4, has multiplicity u i.e. 


An = Ant Ses Àn+u-1 


holds. We use estimate (4.53) for 4, from above and for àn+u-—1 from below to get: 


I \2 T\2 
(Z) +u- MY < intui = (F) an S + NP 
implying 
n+u-M<n-+N. 
Therefore we have 
wx M+N. (4.58) 
This estimate is slightly better than the obvious estimate u < 2N, which follows 


from the fact that the differential equation on each interval has two linearly 
independent solutions. 
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On the other hand, the method developed in the proof allows us to do much better, 
provided there are no eigenfunctions equal to zero at the vertices. 


Corollary 4.21 Let ào be an eigenvalue of the standard Laplacian L*‘(T) and let 
ào be not from the spectrum of the Dirichlet Laplacian L? (T), then the multiplicity 
of this eigenvalue does not exceed the number of vertices M. 


Proof The key point if that for Ap ~ gm, m € N, the values of the eigenfunction 
at the vertices y (V™) determine the eigenfunction on the whole graph via formula 
(4.55). Hence the corresponding multiplicity cannot exceed M. o 


The obtained estimate on the multiplicity of the eigenvalues holds even for Schrö- 
dinger operators with standard vertex conditions, since the proof is based on the fact 
that the eigenfunction on every edge is uniquely determined by its values at the 
endpoints. 


Problem 14 Find a counterexample showing that assumption, that A9 does not 
belong to the spectrum of the Dirichlet operator, is needed in Corollary 4.21. 


Problem 15 How one should modify the assumption in order to adapt Corol- 
lary 4.21 for the case of Schrödinger operators? 


Problem 16 Consider a finite metric graph I’ with several semi-infinite edges 
and the corresponding standard Laplacian. Prove that if y is an eigenfunction 
corresponding to a positive eigenvalue à > 0, then the restriction of w to any 
semi-infinite edge is identically equal to zero. What is the reason that we require À 
to be positive? Does the statement hold true for negative eigenvalues? 


Problem 17 Construct your own example of a metric graph for which Courant 
theorem is not valid. 


Problem 18 What is the maximal multiplicity of the ground state for the standard 
Schrödinger operator on a finite compact metric graph with fp connected compo- 
nents? 


Problem 19 Construct an example of a non-compact metric graph with a finite 
(non-zero) number of embedded eigenvalues. 
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Chapter 5 A 
The Characteristic Equation TCA 


This chapter is devoted to compact graphs formed by a finite number of bounded 
intervals. We already know that the spectrum of the corresponding magnetic 
Schrödinger operator is discrete and our main goal is to obtain characteristic 
equations determining the spectrum (eigenvalues) precisely. We describe here three 
different methods to obtain an explicit characteristic equation. These methods are 
based on 


(1) the transfer matrices for the edges; 
(2) the stationary scattering theory; 
(3) Titchmarsh-Weyl M-functions for the edges. 


Each of these methods has certain advantages, which explains their applicability in 
different situations. 


5.1 Characteristic Equation I: Edge Transfer Matrices 
5.1.1 Transfer Matrix for a Single Interval 
One-Dimensional Schrödinger Equation 


With the one-dimensional Schrödinger equation 


d2 
(Zz +409) gÀ, x) = àg, x), (5.1) 
on the interval E1 = [x1, x2] one associates the following transfer matrix 
gÀ, x1) g(A, x2) 
Tg (A; x1, x2) : ( ) => ( ; (5.2) 
i gA, x1) g (A, x2) 
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where g is any solution to (5.1). The transfer matrix maps Cauchy data for x = x, to 
Cauchy data for x = x2. To calculate the entries of the transfer matrix, consider the 
solutions c(A, x), s(A, x) to the differential equation (5.1) determined by the initial 
conditions: 


cA, x1) = 1, s(A, x1) = 0, 
d 5.3 
e =0, * eee Si e 
Then the transfer matrix is simply given by 
t11(k) t12 (k) cA, x2) s(A, x2) 
T (à; x1, = = : 5.4 
ere ae oo) Gree vies) ea 


Ifq = 0 then the entries of the transfer matrix are just usual sin and cos functions, 
which explains our notation 


sin k (x2 = x1) 
cos k(x2 — x1) 
To(A; x1, x2) = k , k=Ẹx4. (5.5) 


—k sin k(x2 — x1) cos k(x2 — x1) 


For non-trivial q the functions c and s are solutions to certain integral equations 
[105, 381] 


* sink(x — t) 


c(k, x) = cos k(x — xı) f q(t)c(k, t)dt, 


aoo (5.6) 
tis ae f = =) eid 
X1 


It is easy to see that the solution is unique and can be obtained by iterations. It 
follows that the functions c(A, x), as well as s (à, x), depend analytically on à. Their 
properties are described in detail in [381]. 

One can easily see that the determinant of 7p(A) is identically equal to one. 
This is a general fact and always holds, provided the magnetic potential is zero. 
To prove this, note that c(A, x) and s(A, x) are two linearly independent solutions 
to the second order differential equation (5.1), hence their Wronskian is constant 


ð 
T det T4 (à; x1, x) 


= 2 (cA, x)s'(A, x) — s(A, xX) (À, x)) 


cCA xs A,x) eA, Ds A,x) — s OA A x) — sA, x OA x) 


c(à, x)(q(x) — à)s (à, x) — SA, x)(q (x) — à)c (à, x) = 0. 
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. ; c(A, x1) s(à, x1) 10 
Since det T} (A; x1, x1) = a o = aet(j 1) = l, we 


conclude that 
det T} (A; x1, x2) = 1. (5.7) 


Problem 20 What is the “physical” interpretation of formula (5.7)? 


Magnetic Schrödinger Equation 


There is a simple connection between the transfer matrices for different magnetic 
potentials. We begin with the following explicit relation (see (4.10) and (4.11)) 


d j i fe a(y)dy _ ist, aody d? 
i— + a(x) } + q(x) ] € °70 g(x) =e sa + ax) | gC), 
dx dx 

(5.8) 


obtained by differentiation. This identity means that the magnetic potential in 
the one-dimensional Schrédinger equation can be eliminated. We obtain a similar 
relation between the extended derivatives 


d Te aids op d 
£ ial) ) ef 0 g(x) = ef $02 = g(x), (5.9) 
dx dx 


This formula explains the reason we are using extended derivatives describing 
vertex conditions for magnetic operators. In principle these conditions can be 
expressed via the limiting values of the functions and their normal derivatives, 
but exploiting extended derivatives makes the transfer between the operators with 
different magnetic potentials much easier. 

The transfer matrix Tj, for the magnetic Schrödinger equation on the interval 
[x1, x2] is defined as the 2 x 2 matrix connecting the extended Cauchy data 


; fA, x1) f(A, x2) 
Tera oss = R > aes = a) 


(5.10) 


for any function f(A, x) being a solution to the differential equation 


d 2 
((. +40) +40) FA, x) =A, x). (5.11) 
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Formula (5.8) implies that if g solves Eq. (5.1), then the function f(x) = 
el AM) g(x), A(x) = Jee a(y)dy, is a solution to (5.11), and vice versa every solution 
to (5.11) can be obtained in this way. Taking into account that the connection 
between the Cauchy data for the function g is described by the transfer matrix T, 


we see that 
Tga = EP, (5.12) 


with the phase ®; given by 


ğı = f awas. (5.13) 


X1 


The derived formulas imply in particular that the transfer matrix does not depend 
on the particular shape of the magnetic potential, but just on the integral over the 
interval. Note that relation (5.7) does not generally hold for nontrivial magnetic 
potentials. 


Question 5.1 Why is it necessary to consider extended derivatives instead of usual 
derivatives in (5.10)? 


Question 5.2 Does the determinant of the transfer matrix depend on à if the 
magnetic flux is not zero? What is the correct formula for det T4 ,a (à)? 


5.1.2 The Characteristic Equation 


Let us discuss now how to determine the spectrum of a quantum graph. Every 
eigenfunction is a nontrivial solution of the eigenfunction differential equations on 
the edges satisfying in addition vertex conditions. To obtain the spectrum one has to 
identify those A for which a nontrivial solution occurs. The transfer matrices for the 
edges encode all necessary information concerning solutions of the eigenfunction 
equation on each edge and therefore allow one to reduce the problem of solving 
the system of coupled differential equations to a certain finite dimensional linear 
system. The price we have to pay is that the entries in the linear system are functions 
of the spectral parameter. 

Let w(A, x) be an eigenfunction corresponding to the eigenvalue à. Every such 
function solves the differential equation (5.11) on each interval E,, and satisfies 
vertex conditions (3.53) at every vertex. Let us denote by cay a the transfer matrix 
corresponding to the magnetic Schrödinger equation (5.11) on the interval En 


n W(x2n-1) W(x2n) 
T3 i 5.14 
qa Cae i e ere) 
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The last equation can be written in the matrix form 


N N > 

; t —1 . t 0 we 
d 11 id 12 >, })=0, 5.15 
(ase {( 0 Jl we (EDL) Gi a 


where W, aW are the vectors of boundary values written in the basis associated with 
the edges 


y(x) ay (x1) 

X w (x2) 3 OW (x2) 

vo = |, ab = (5.16) 
Yxn) OW (xN) 


To be more precise, the 2N x 4N matrix describing the linear system (5.15) is 


ti -1|0 0 o olz oļo o 0 0 
t 0/0 0 o ol 1] 0 0 0 0 
0 0l -1 o 0] 0 olz 0 0 0 
0 0o 0 0 0] 0 olz 1 0 0 (5.17) 
0 0/0 oO|f.../#, -ilo ofo of...) 
0 0/0 O}f...;#4, olo ofo of... fæ 1 
The vertex conditions (3.53) can also be transformed into a similar form 
GA- S), I +S) K =0 (5.18) 
, aw) ` 


Here we assume that the vertex scattering matrix S is written in the basis associated 
with the edges. Equations (5.15) and (5.18) together give us 4N linear homogeneous 
equations on 4N boundary values of the function y 


n N n y 
se (E) Ea 
21 n=l 22 n=1 ( >, |}=0 (5.19) 
Ne) i 


i(I— S°) I+S° 


which has a nontrivial solution if and only if the determinant of the 4N x 4N matrix 
is zero. 

Every nontrivial solution to the system determines a nontrivial solution to 
the coupled system of differential equations, moreover the multiplicities of the 
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eigenvalues coincide. Hence the following characteristic equation 


. N n N 
dias {(2@ a) ee eae °)| 
Aet tk 0 JJ, tak) 17 Jaa = (5.20) 


id- S) I+S 


S 
q,a? 
to (5.19) coincides with the multiplicities of the corresponding eigenvalues for LS a 


Our analysis can be summarised as follows 


determines the spectrum of LÌ „, while the number of linearly independent solutions 


Theorem 5.1 Let I be a finite compact graph, then the eigenvalues of the corre- 
sponding magnetic Schrédinger operator LŠ, are solutions to the characteristic 
equation (5.20) and their multiplicities coincide with the number of linearly 
independent solutions to the linear system (5.19). 


Using perturbation theory for self-adjoint operators we already proved that the 
spectrum is discrete and satisfies Weyl’s law (4.25) (see Chap. 4). One may get 
the same result just looking at the secular function—the function is analytic and its 
zeroes cannot have finite accumulation points. 

The determinant given by (5.20) is an analytic function whose zeroes give 
eigenvalues of the Schrödinger operator on a compact graph. One might get an 
impression that the order of the zeroes coincides with the multiplicity of the 
corresponding eigenvalues. It is not always true: see Example 5.2 below. 


5.1.3 The Characteristic Equation, Second Look 


Deriving Eq. (5.20) we did not pay much attention to the number of linear equations 
involved. For complicated graphs it might be important to reduce their number as 
we are going to discuss now. 

Introduce the N dimensional vectors 


Bl = [p(x AWM = (BW (x-1) i 
Weer = (Pan) AWN = {IY Crm): 
The vector >° = (4, Weven) is obtained from the vector W° by a permutation. 
The corresponding permutation of the matrix S will be denoted by S®°. 

Define the N x N matrices 


Ty = diag (24, i j= 1,2. (5.22) 
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Then Eqs. (5.14) can be re-written as 


Tı; Lis odd even 
godd } = \ _agyeven J: (5.23) 
T2: Ta 7 \3Y aw 
This equation allows one to_express the 2N dimensional vectors poe = 
pest, yon and aw = (aod aupeven) in terms of N-dimensional vectors 


word and a4 only: 


poe = e On ) ( podd 
~ A Ty Ti) awed)’ 
3 5.24 
gypoe = On Iy Ņodd ( 
~ -Ta -Ta ] apo 


Substitution into the vertex conditions (3.53) leads to the system of 2N linear 
equations 


cree. Iy Ov odd he On Iy odd 
l (S Izy) a Tio gypodd T (S + by) Tz; -T22 gŅodd 2 
(5.25) 


where S°* is the permutation of S described above. 
The system has a nontrivial solution if and only if 


. (Qoe Iy On oe 0y —In _ 
det |: (S Iy) Ga i) + (S°° + by) ca Ts )} =0. 
(5.26) 


The characteristic equation is given by the determinant of a certain 2N x 2N matrix 
(instead of a4N x 4N matrix). As before the multiplicity of an eigenvalue of the 
operator LŠ a coincides with the dimension of the kernel of the operator matrix 


. Iy On Ov —Inv 
Soe —] ( )+ Sof +] ( ): 
i( 2N) Ti) Ti) ( 2n) Tx Tx 


Let us illustrate our approach considering one of the most explicit examples— 
the ring graph formed by just one edge. We are going to return back to this example 
several times in this chapter. 


Example 5.2 Consider the ring graph I'(2,1) formed by one edge [x), x2] with 
endpoints joined together (see Fig.5.1). Then the spectrum of the corresponding 
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Fig. 5.1 The cycle graph 
Faz 


Tı 
T2 


standard Laplacian can be determined using the free transfer matrix given by (5.5) 


and the vertex scattering matrix 
01 
Sy = 5.27 
v ( 1 o) (5.27) 


corresponding to standard vertex conditions for the vertex of degree 2. 

We are going to calculate the spectrum using both characteristic equations 
derived in this section (Eqs. (5.20) and (5.26)). 

Remembering notation £1 = x2 — xı the first equation reads as follows: 


cosk£,; —1 sin key (0) 
det —ksinké; 0 coské; 1 =, 
i —i 1 1 


—i i 1 1 
=> 4i(1 — coskl;) = 0. (5.28) 


The second characteristic equation gives us 


deli > + © ee en : = =0 
1—1 cos kt, Srl 11) \—ksinké, coské, } | ~ 


ee + i(—1+coskl,) —1 + cos key + sinkl | 
=> det -k |=0 


—k sin k£ — i (—1 + cos k£1) —1 + cos k£ — p 


and implies the same equation (5.28) of course. This equation has solutions k, = 
Fn, n=0,1,2,.... Note that the characteristic function has second order zeroes 
at these points. 
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Let us examine the rank of the matrix, i.e. multiplicities of the eigenvalues. For 
all nonzero n the matrices are given by 


1 -100 
0 011 and (So) 
i -ill 00 
—i i 11 


Their ranks are equal to 2 and 0 respectively, which corresponds to eigenvalues 
having multiplicity 2. 
For n = 0 the matrices take the form 


0 
l and 0 ne 
1 0 -it; 
1 


and their ranks are 3 and 1. The eigenvalue zero has multiplicity 1. 
All this is in complete agreement with the rule: rank of the matrix in square 
brackets is equal to its size minus the multiplicity of the eigenvalue. 


Summing up we conclude that described method is universal since it 


e determines the whole spectrum with correct multiplicities, if one studies not only 
the characteristic equation but the rank of the corresponding matrix as well; 

e can be applied to any compact finite graph and any vertex conditions (including 
conditions that are not scaling invariant). 


This method has also certain disadvantages: 


e it does not use the remarkable analytic properties of the transfer matrix coeffi- 
cients (see Sect. 5.3); 

e the topological structure of the graph remains hidden; 

e applied to standard vertex conditions, no real simplification is observed. 


Problem 21 Consider the standard Schrödinger operator on a finite metric graph T 
with M vertices and N edges. Standard vertex conditions imply that the functions 
are continuous at the vertices, hence the limiting values at the edge end points span 
a space of dimension M + 2N instead of 4N. Modify the transfer matrix approach 
to write the secular equation using a matrix in C?7N+™ , 


Problem 22 Use the developed formalism to obtain a characteristic equation for the 
standard magnetic Schrédinger equation on the 8-shape graph presented in Fig. 2.7. 
Show, that the spectrum depends on the fluxes of the magnetic field through the 
cycles ®; = f Me 3 a(x)dx, but not on the particular form of the magnetic potential. 

In the case of the standard Laplacian check that the spectrum you obtain 
coincides with the result of Problem 3. 
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5.2 Characteristic Equation II: Scattering Approach 


In this section we are going to describe an alternative approach to the characteristic 
equation based on ideas from scattering theory [252, 320, 321]. Note that this 
method works perfectly for positive eigenvalues only. It will be used in Chap. 8 
to derive the trace formula for quantum graphs. 


5.2.1 On the Scattering Matrix Associated with a Compact 
Interval 


Our first step is to define the scattering matrix for the Schrédinger equation on the 
finite interval E1 = [x , x2]. Under our assumptions on the potential the spectrum 
is discrete and therefore no scattering phenomena may be observed. In order to 
introduce the associated scattering matrix consider the Schrödinger equation on 
the whole line R D [x1, x2], extending both the electric and magnetic potentials 
outside the original interval by zero. Here we assume that the support of the 
magnetic potential is separated from the endpoints of the interval to ensure that 
the extended potential is continuous and hence the functions from the domain of the 
operator are continuously differentiable. This assumption is not restrictive, since 
we already know that spectral properties of quantum graphs do not depend on 
the concrete form of the magnetic potential but just on its fluxes. The associated 
Schrödinger operator has absolutely continuous spectrum [0, c0) with double 
multiplicity. The corresponding generalised eigenfunctions y are bounded solutions 
to the differential equation (5.11) considered on the whole R. Outside the interval 
E, = [%1, x2] the function is just a combinations of plane waves 


ik(x—x —ik(x—x 
ajek O=) 4 pyeTtKA-AD y < x], 


Gig OOP). 4. preka), y > x2. (5.29) 


W(x, A) =) 


To calculate the function y it remains to solve the differential equation on the 
interval [x;, x2]. The amplitudes aj, bj should be chosen so that the function and 
its first derivative are continuous at x; and x2 (and therefore on the whole axis). 
Every such function is uniquely determined by the amplitudes a1, a2 of the incoming 
waves, which allows one to define the corresponding 2 x 2 edge scattering matrix 


Se by the map (Fig. 5.2) 
Se(k) : a = a (5.30) 
a2 bz 
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— ~ ~ o 
a er*(z—21) age tk(e—#2) 
+b, e7 h(@-21) +b etk(e—#2) 
SS a 4 


— o o 
Tı T2 


Fig. 5.2 The edge scattering matrix 


To calculate the scattering matrix we are going to use the transfer matrix T = 
T4,a (à). Let us assume first that the magnetic potential is identically equal to zero. 
Then the Cauchy data for the function wy at the points x; and x2 are 


ean a+b, ) aog a2 + b2 ) (5.31) 
W(x) )  \ikay —ikby J? \OW2))  \ -ikan +ikb2 ) ` 


Taking into account (5.14) we get the system of two linear equations 


t1aı + fob, + ikt2a1ı — iktegby = —ika2 + ikb2 


Fa + t11b) + ikti2a; — ikti2zbi = a+b 


. : ' a b 
which can be resolved to obtain the relation between the vectors ( l ) and ( i ) 


a bz 
kt — ik(ti1 — t22) + b1 2ik 
— | Kt tikti + t2) — t1 Keto + ik(t + t2) — t1 
meh) 2ik kt + ik(tiy — t2) + hi paa 


kta + ik(t + t22) — to k?°ti2 + k(t + t22) — t21 


To obtain this formula we just used that the determinant of the transfer matrix T 
is equal to one (5.7), which is true since we assumed that the magnetic potential is 
Zero. 

It remains to prove that the denominator k?ti2+i k(t11 +t22)— t21 does not vanish. 
We are going to show that it is different from zero for any À outside the negative real 
semiaxis. The negative semiaxis has to be excluded, since the Schrödinger operator 
on R may have negative eigenvalues there. 


Lemma 5.3 The function 
d(k) := k’ti(k) + ik (t1 (K) + t22 (K)) — t21 (k) 


does not vanish in the upper half-plane outside the imaginary axis, i.e. in the region 


{k : Imk > 0, Rek # 0}. 
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Proof Assume to the contrary that d(ko) = O for a certain kọ, Imkp > 
0, Re ko Æ 0. Let us show that under this assumption there exists an eigenfunction 
w corresponding to the nonreal Ay = ke. Such function can be constructed so that 
outside E; it is given by 


byetkolx—ail y < xy, 


vo = | 


boetkolx—x2l x > x2, 


i.e. it decreases exponentially as x —> +00. Substituting the Cauchy data for y 


Cel by ) tel by ) 
dw (x1) —ikobi J’ \ dy(x2) ikob2 
into the transfer matrix equation (5.14) we get the homogeneous linear system 


| (t11 — ikoti2)bı —b2 =0, 
(t21 — ikot22) bı — ikob2 = 0. 


The determinant of the linear system coincides with d (ko), which we assumed to be 
zero, therefore there exists a nontrivial solution (b1, b2). The corresponding function 
w solves the eigenfunction differential equation and belongs to the Hilbert space 
L2(R), i.e. it is an eigenfunction corresponding to ào ¢ R, which is impossible for 
the Schrödinger operator, which is self-adjoint. We got a contradiction proving our 
assertion for nonreal À. 

It remains to prove that the equation 


d(k) = kt +ik(t + m2) —h1 =0 (5.33) 


cannot be satisfied for real k (i.e. positive A = k). The functions tiÀ), i, 7 = 1,2 
are real valued for real à and evaluating the real and imaginary parts of (5.33) 
separately we get 


re C 
{‘ t2 —t21 = 0, (5.34) 


ty +2 = 0. 


The second equation together with (5.7) imply that 


toto) = — (1 + a?) 
which means that ż12 and t21 should have opposite signs. This contradicts the first 
equation in (5.34). o 


Summing up, Eq. (5.32) provides an explicit formula for the edge scattering matrix 
in the case of zero magnetic potential. If the magnetic potential is different from 
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zero, then the corresponding solution is related to the solution with zero magnetic 
potential via formula (5.8). The two solutions coincide to the left of the interval 
[x1, x2], provided x9 < xı; to the right of the interval the solution with zero 
magnetic potential has to be multiplied by the exponential factor e!®!, where 
pı = Íe ? a(x)dx was already defined in (5.13). The corresponding scattering 
matrix has to be modified multiplying it by a diagonal matrix and its inverse as 
follows 


10 Rtyy—-ik(t1—ty2)+01 2ik 1 0 
S.= Ktiotik(tii+t2)=h1 ket2+ik(t+t2)—h1 : 
e 0 ei% 2ik k?ti24 0 e iF 


tik (ty) —t2)+h1 
Rty+ik(ti+t)—ty kety+ik(ty+t2)—t1 


kt — ik(ty — tn) + hy oo) 2ik 
k?ti2 + ik(t + t2) — t1 k?ti2 + ik(ti1 + t2) — ta 
ið] 2ik kt + ik(ti1 — t22) + t21 


k?tia +ik(t +t2)— t1 kta + ik(ti1 + t22) — t1 
(5.35) 


An alternative way to derive the above formula is to use the relation between the 
transfer matrices (5.12) 


Example 5.4 In the case of zero potentials g(x) = 0, a(x) = 0 the transfer matrix 


is given by 
Tha= cos ke, sin kA, 
0.0 \ —ksinke; coske; J’ 


where £; = x2 — x, is the length of the edge [x1, x2]. Straightforward calculations 
imply that the corresponding scattering matrix is 


0 elke 
s= ( she à ). (5.36) 


The scattering matrix shows that as expected the plane waves e~!*!*—*/! penetrate 


through the system without any reflection, but gain extra phase factor e'*®1 due to 
the change of the parametrisation. 


Question 5.3 Why is it not always possible to use this formalism to determine 
negative eigenvalues? 


Problem 23 Prove formula (5.36) directly from (5.32), i.e. perform the straightfor- 
ward calculations mentioned above. 


Problem 24 Check that the edge scattering matrix Se given by formula (5.32) is 
unitary for real k. 
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Hint: use the fact that for zero magnetic potential the transfer matrix is real on the 
real line and has unit determinant. 


Problem 25 Use relation (5.12) for the transfer matrices in order to derive a relation 
for the scattering matrices. 


5.2.2 Positive Spectrum and Scattering Matrices for Finite 
Compact Graphs 


Let I be an arbitrary finite graph formed by N edges En, n = 1,2,..., N. With 
every edge En = [xX2n-1, X2n] we associate the edge scattering matrix S?, which 
allows us to introduce the block diagonal edge scattering matrix Se as follows 


Sl(k) 02 QO ... O. 
02 S2(k) 02 ... 02 


Se(k) = diag {S?(k)}8_, =] 02 02 Sek)... a |, (5.37) 


O 02 02 ... S¥(k) 


where 02 denotes the 2 x 2 zero matrix. 

Let w be an eigenfunction for the Schrödinger equation corresponding to a 
certain positive eigenvalue à > 0. For every edge E, we consider the Schrödinger 
equation extended to the whole line R D [x2n—1, x2,]. The function y|,,, satisfies 
the eigenfunction equation on E, and possesses unique extension outside the 
interval. The corresponding amplitudes of the plane waves may be denoted by 
a2n—1, b2n—1, A2n, brn. These amplitudes are related via the corresponding edge 


scattering matrix 
_ bon 
gn Mn ') = ( 2n ') i (5.38) 
s ( a2n bon 


A = fa; fN B= b PN (5.39) 


Using vector notations 


this identity can be written as 


Se(k)A = B. (5.40) 
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The boundary values of the function y can also be expressed using the vectors A,B 


kie (5.41) 
aW = ik(A — B) 
Substituting the boundary values into the vertex conditions (3.53) we get the 
following relation 


iS-D (A+B) = (S+Dik (4-8), 
which in turn leads to 
Sy(k)B = A, (5.42) 


with Sy(k) given by (3.54). Comparing (5.40) and (5.42) we get the following 
remarkable relation 


Sy(A)Se(k)A = A. (5.43) 


Note that both vertex and edge scattering matrices S,(k) and Se(k) possess block- 
diagonal representations (3.54) and (5.37), but in different bases. The vertex 
scattering matrix is block-diagonal in the vertex basis of boundary values, while 
the edge scattering is block-diagonal in the edge basis of boundary values. 

We see that the vector A is an eigenvector for the matrix S,(k)Se(k) correspond- 
ing to the eigenvalue 1, hence the characteristic equation can be written in the form 


det (Sy(k)Se(k) — I) = 0. (5.44) 
The last equation suggests us to introduce the graph scattering matrix 
S(k) := Sy(kK)Se(k). (5.45) 


This matrix describes a certain discrete (scattering) process inside the graph on the 
edges and at the vertices. It is used to determine the spectrum of a compact graph 
and should not be mixed up with the scattering matrix which appears when the graph 
has semi-infinite edges. The corresponding balance equation 


S(k)A = A (5.46) 


has a solution for special values of the energy parameter k = kn, such that ke are 
the eigenvalues of the Schrödinger operator. The corresponding vector A determines 
the amplitudes of edge-incoming waves. These amplitudes are well-balanced so that 
the set of edge-incoming waves with these amplitudes turns into the same set after 
one edge and one vertex scattering. 
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Theorem 5.5 The positive spectrum of the magnetic Schrödinger operator LS, 
on a finite compact metric graph T coincides with the set of solutions to the 
characteristic equation 


det (Su = 1) =0. (5.47) 


The multiplicity of the spectrum coincides with the dimension of the solution space 
for the linear system (5.43). 


Proof We have already proven that if (A) is an eigenfunction for LŠ, , then A 
satisfies Eq. (5.44). It remains to calculate multiplicities of the eisen antes. For 
positive A there is a one-to-one correspondence between the amplitudes a2n—1, don 
and the solution of the eigenfunction equation on the interval [x2,-1, x2,]. It 
follows that the number of linearly independent eigenfunctions for the Schrödinger 
operator coincides with the number of linearly independent solutions of the linear 
system (5.43). oO 


Note that the characteristic equation (5.44) cannot be used to determine nonposi- 
tive eigenvalues. It will be shown that even for Laplace operators equation (5.43) 
does not necessarily give the correct multiplicity of the zero eigenvalue (see 
Example 5.6 and Chap. 8). 

Equation (5.44) is simplified if the vertex scattering matrix does not depend on 
the energy parameter S,(k) = S, so that the energy enters the characteristic equation 
via the edge scattering matrix only 


det (Sse) z 1) =0. (5.48) 


Example 5.6 Let us return to the ring graph T (1.2) already considered in Exam- 
ple 5.2. The edge scattering matrix is given by (5.36) and the vertex scattering matrix 
by (5.27). The corresponding characteristic equation will be 


det 01 4 expikl; \ /10 =( 
10 expikl, 0 01 
<> (expikl; — 1)? = 0. 


2 
We are getting the same eigenvalues (4) n?, n=0,1,2,.... 


For all values of n the matrix in square brackets is just zero matrix and has 
rank 0. Hence the dimension of the space of solutions is equal to 2. We are getting 
correct multiplicity of all non-zero eigenvalues, but the method does not work for 
k = Q, since the corresponding eigenvalue has multiplicity one despite that the 
matrix in the square brackets has zero rank. The main reason for this discrepancy is 
that independent solutions for zero energy are given by linear functions instead of 
exponentials used to derive (5.47). 
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The described approach to characteristic equation has the following advan- 
tages: 


e all entries in the characteristic equation have clear physical interpretation; 

e itis relatively easy to see connections between the topology of the graph and the 
characteristic equation (this idea will be used later deriving the trace formula for 
quantum graphs). 


This method has also a few serious drawbacks: 


e itcan be applied to positive eigenvalues only; 
e in the case of standard Laplacian it may give a wrong multiplicity of the 
eigenvalue zero. 


5.3 Characteristic Equation III: M-Function Approach 


Titchmarsh-Weyl M-functions are proven to be an efficient tool in solving the 
inverse problems for the one-dimensional Schrédinger equation [43, 381]. Their 
analogue in several dimensions—the Dirichlet-to-Neumann map—is also widely 
used nowadays. In this section we are going to explore the possibility to use 
M-functions to determine the spectrum of quantum graphs. The M-functions 
introduced here are associated with single intervals building the metric graph. These 
functions should not be mixed up with graph’s M-function associated with graph’s 
boundary (to be introduced in Chap. 17). These two definitions coincide only if the 
graph is formed by a single edge. 

The characteristic equation we are going to derive in this section has a remarkably 
simple form, for example in the case of standard conditions the spectrum is given 
as determinant of a certain M x M matrix. The main drawback is that only the 
eigenvalues different from the Dirichlet-Dirichlet eigenvalues on the edges are 
determined. 


5.3.1 M-Function for a Single Interval 


For simplicity we consider the case of zero magnetic potential. Let g(A, x) be any 


solution to the differential equation (5.1) on the interval E1 = [x1, x2], then the 
corresponding 2 x 2 matrix function Me(A) is defined as follows 
Me(X) : oe) os o) _ oe) (5.49) 
g(a, x2) dg(A, x2) Ong (A, x2) 


It maps the values of the solution at the endpoints of the interval to the values of 
the normal derivatives at these points. For nonreal à the M-function is uniquely 
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determined by the transfer matrix. Really (5.2) implies that 


th1 1 
dgx) = == g(x) + —8(x2) 
t12 t12 
= 3 


tig(%1) + t1298 (x1) = g(x2) 
tig) + t288) = 88) | aga) Lea- Zeo) 
t12 t12 
(5.50) 


where we used that det T (à) = 1. Moreover tı2(å) Æ 0 for ImA ¥ 0, since 
otherwise the Schrödinger equation with Dirichlet boundary conditions at x; and 
x2 would have a nonreal eigenvalue. 

We get the following expression for the matrix M-function 


tik) 1l 
Ma =| 13 BG i (5.51) 


ti2(k)  tņ(k) 


and see immediately that it is symmetric MÉ (à) = Me(A) and analytic in Ima 0. 
To prove that Me(à) has positive imaginary part in the upper half-plane Im’ > 0 
we use just integration by parts 


A l 8A) liyep (8A), Lag) 126) 
= FO 1080 11) HRO D08) + | (1A ODP HWA) dx 
1 


_ | (gQ, x1) dg(A, x1) 2 2 
(ee) )+ f, (ea +48, x)?) dx, 
ea maaana 
M.Q) te oe 
g(A, x2) 


since g(x) € R. Taking the imaginary part we arrive at: 


2 _ | (ga, x1) g(a, x1) 
pane Ye Wiel (Ga | cee o a 


i.e. that Im Me(A) is nonnegative for Im à > 0. 

If gÀ, x) is a solution to (5.1), then g(A, x) is a solution to the same equation 
with À instead of à. Hence Me is symmetric with respect to the real line MŽ (à) = 
Me). 
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Let us summarise our knowledge about the function Me(A): 


(1) itis analytic for all A : Ima 4 0, 
(2) it has a positive imaginary part in the upper half-plane 


Im M(A)/ImA > 0; (5.53) 
(3) it is symmetric with respect to the real axis: 


M*A) = MQ). (5.54) 


Any function, or a matrix valued function, satisfying conditions (1)-(3) is called a 
Herglotz-Nevanlinna function.! Properties of Herglotz-Nevanlinna functions are 
well-understood [33, 239, 324]. They are often used to describe spectra of self- 
adjoint operators. 

The M-function encodes all spectral information about the differential expression 
on E1. In particular, its singularities coincide with the zeroes of the coefficient t)2(k) 
in the transfer matrix, provided 4 = k?. The equation 


ti2(k)=0 


determines precisely the spectrum of the differential operator on E; given by Tq,a 
and Dirichlet boundary conditions at the endpoints 


u(x1) = u(x2) = 0. 


We call it Dirichlet-Dirichlet spectrum. It will be proven later, that the knowledge 
of just one diagonal entry of Me(à) allows one to reconstruct the length of E} and 
the electric potential on it (see Chap. 19). Knowing the M-function, there is no need 
anymore to solve the differential equation on the edges—all we need is the relation 
between the boundary values given by the M-function. The role of this function is 
similar to the role of the scattering matrix in Sect. 5.2. 


Example 5.7 In the case of Laplace operator (zero magnetic a(x) = 0 and electric 
potentials g(x) = 0) the edge M-function is determined just by the length £; of the 
corresponding interval 


—kcotké; ——— 
Me) = k sinkly |, (5.55) 
- —k cot k£ı 
sin k£ 


1 Such functions are also called Pick or R-functions. 
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Problem 26 Prove that Me(A) is a Herglotz-Nevanlinna function in the case of zero 
potential directly using only representation (5.55). 


Problem 27 What is the relation between the edge M-function just introduced and 
the edge scattering matrix Se defined by (5.32)? 


5.3.2 The Edge M-Function 


Introducing the edge M-function we are not going to pay any attention to the way 
the edges are connected to each other. In some sense this matrix is analogous to the 
edge scattering matrix Se(k) introduced earlier—it describes the relation between 
the boundary values to all solutions of the eigenfunction equation on all edges 
without paying attention to vertex conditions. 

The edge M-function Me is the 2N x 2N matrix function which is block- 
diagonal in the edge basis of boundary values: 

Me) = diag {MZ VHL, (5.56) 
where M¥ (À) are the 2 x 2 functions associated with the edges Ey = [x2n-1, X2n]. 
The edge M-function is a Herglotz-Nevanlinna function, since each M?(A) is 
Herglotz-Nevanlinna. This M-function is determined by the differential expression 
Tq,a On all intervals and possesses no information about the vertex conditions or 
connectivity of the metric graph. 

The edge M-function originally defined for non-real à can be continued to all 
A, which are not Dirichlet-Dirichlet eigenvalues for the differential expression Tq,a 
on any of the edges. These eigenvalues coincide with the zeroes of the coefficients 
ti, (A) associated with the intervals E,. For a finite compact graph the set always 
has measure zero implying that Me (à) is well-defined for real à almost everywhere. 

The edge M-function, as well as the edge scattering matrix, describes the depen- 
dence between the boundary values of any function w solving the eigenfunction 
equation on every edge 


Me(A) : Ù > aw, (5.57) 


Using the amplitudes A and the edge scattering matrix the last relation can be written 
as follows 


Me (A) (L + Se(k)) A = ik (I — Se(k)) A, 
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which leads to the following relation between the edge scattering matrix and the 
edge M-function 


I — Se(k) ikl — Me(A) 


(5.58) 


These relations hold for all complex and almost all real À. 


5.3.3 Characteristic Equation via the M-Function: General 
Vertex Conditions 


Let w(x) be any function solving Eq. (5.11) on every edge and suppose à does 
not belong to the union of Dirichlet—Dirichlet spectra on the edges (t/,(A) 4 0, 
n = 1,2,..., N). Then the corresponding vectors of boundary values satisfy the 
linear equation 


M,(A)V = dn, (5.59) 


i.e. the M-function maps the vector of function values W to the vector of normal 
derivatives 0,. The function y is an eigenfunction if it in addition satisfies the 
vertex conditions (3.53). We write these conditions in the form 


iS-DW=(S+)Dav, (5.60) 


where S = S,(1) is the unitary matrix parametrising the vertex conditions. Note that 
this matrix connects together limiting values associated with each vertex separately, 
hence it is reducible (except when the graph has only one vertex). But here we use 
the basis, where the boundary values are ordered with respect to the edges, not with 
respect to the vertices. Therefore the matrix S is not block diagonal. 

Equations (5.59) and (5.60) imply that A is an eigenvalue only if 


(S -— D — (S + DMe (à)} v=0 (5.61) 


holds. Note that not all eigenvalues of LS correspond to nontrivial solutions 
of (5.61), since we excluded from our analysis the Dirichlet-Dirichlet eigenvalues. 

All eigenvalues of LS different from the Dirichlet-Dirichlet eigenvalues on the 
edges are given by the characteristic equation 


det {i (S — D — (S + DMe (à)} = 0. (5.62) 
All dependence on å is via the M-function Me(A), even in the case of energy depen- 


dent vertex scattering matrices. The advantage of the characteristic equation (5.62) 
is that it is given as a determinant of 2N x 2N matrix. 
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Since (3.53) is a Hermitian relation, the last equation has no nonreal solutions as 
expected. One may see this by applying spectral projectors P_; and PŁ := I- P; 
associated with the unitary matrix S 


I-— 
PŁji 


S 3 4 
iz fae = PL Me(A)P+ |. (5.63) 


The matrix on the left hand side is nothing else than the Hermitian matrix Ag 
introduced in Sect. 3.4. We use here bold face in order to indicate that the matrix Ag 
includes not one, but all vertices in the graph T.? We get the following equation 


AsÙ = PŁ Me(A)Pt, Ù. 
Since Me(A) has a positive imaginary part in Im à ¥ 0 no nontrivial solution to the 
last equation exists. 

Another way to write the characteristic equation is using the inverse of the 
edge M-function. This approach works for all A, which are not Neumann-Neumann 
eigenvalues for any separate edge. For every such 4 Eq. (5.59) can be written in the 
form 

WU = (Me(a)) law (5.64) 
implying that 
[iS - DM)! - S+D} ab =0. (5.65) 
The corresponding characteristic equation 


det fis ~1)(M,(a))7! — (S + D] =0 (5.66) 


determines the eigenvalues, which are not Neumann-Neumann eigenvalues on the 
edges. 


5.3.4 Reduction of the M-Function for Standard Vertex 
Conditions 


If we assume standard vertex conditions, then the characteristic equation can be 
reduced to a determinant of a certain M x M matrix. To this end consider the M x M 


2 Written in the vertex basis the matrix Ag has a block-diagonal structure but we use the edge basis 
here. 
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matrix function M*'(A) defined by 


(M) num’ z > (Me)12 + 5 (M2)21, m + m; 


En: X9n-1€V™ En: xne V” 


1 1 
Xan EV” X2ņn—1 EV” 


(M") un = ys (Mè) + X (M2 )20 + SMD 12 + (M2)21) - 


En:x2n—1€V™ En:xon€V™ 
n:¥2n—1 non En: X2ņn—1 EV” 


xan EV” 


(5.67) 


Note that the last sum is over all loop edges attached to V™”. The entries of this M- 
function are different from zero only if the corresponding entries in the adjacency 
matrix are different from zero. The total number of items in both sums appearing in 
the formula for non-diagonal entries is equal to the number of parallel edges. For 
diagonal entries the total number of items is equal to the valency of the vertex where 
the loops are counted twice. 

The matrix function M‘t(A) can be written as a sum of N Herglotz-Nevanlinna 
matrices associated with different edges. Let E, be an edge connecting the vertices 
V™ and V”. Then determine the M x M matrix M” (A) having just four non-zero 
entries 


(M") nam = MD (M") ay = (Me) 12. (5.68) 
(M") mm = (Me)21, (M") wm’ z (Me )22. 
It takes the form 
0... 0 AE 0 sie.) 


0... (MẸ) ... (MẸ)i2 ... 0 
M’(A) =]: oe : : |. (5.69) 
0... (Mea... (MẸ) ... 0 


Onas a Oe aint O aO 


If the edge E, is a loop attached to the vertex V™”, then the matrix M” (à) has just 
one nonzero entry 
(M") num = (Medi + (Me)i2 + (Me a1 + (Me)22, (5.70) 


mm 
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so that 
0... 0 ENA D) 
M"(A) = | 0... (MẸ) + MOi2 + (MDa + (ME)... 0 |. (5.71) 
On 0 ...0 


Then the following formula holds 
N 
M*A) = 5 M”), (5.72) 
n=1 


proving that M*(\) is a Herglotz-Nevanlinna matrix function. 

Let us show that the matrix function M*(A) can be used to determine the 
spectrum of quantum graphs with standard vertex conditions. Consider all functions 
w which are continuous on I and denote by w(V”™) their (common) values at 
the vertices V",m = 1,2,...,M. The corresponding M-dimensional vector 
{ yv” will be denoted by Wy. This vector is closely related to the 2N- 
dimensional vector Wy introduced earlier. In the case of continuous functions all 
entries in Wy connected with the same vertex are equal and therefore the dimension 
of the vector may be reduced without losing any information on the values of the 
function yy at the edges’ endpoints. 

The sum of normal derivatives at the vertex V” can be calculated as follows: 


apv”) = J avn) 


xneV™ 
= YS MÐuyV™®+ YO MDav(v™) 
En:X2n-1 EV” En:xXan€V™ 
M 
+5 XO Mny") + D Mpy v". 
ml | Ep: Xone V” En : Xan E€ V” 


Xn € yu Xn- E y” 
(5.73) 


Introducing the M-dimensional vector 


avy = yV (5.74) 


5.3 Characteristic Equation III: M-Function Approach 121 


the last equation can be written in the matrix form 
ay = M*A) Wy (5.75) 


with the M-function M*(A) given by (5.67). The function y satisfies the standard 
vertex conditions if and only if the vector ay is identically equal to zero, i.e. if 
Wy belongs to the kernel of M‘(A). It follows that the corresponding characteristic 
equation is simply 


det M“(A) = 0. (5.76) 


As before, this equation does not determine the whole spectrum of the quantum 
graph, but only the eigenvalues different from the Dirichlet-Dirichlet eigenvalues 
on the edges. 


Example 5.8 We return back to the ring graph Ta.2 already considered in 
Examples 5.2 and 5.6. The edge M-function is given by (5.55) and the vertex 
scattering matrix by (5.27). The characteristic equation takes the form 


k 
= —kcotkl) =~ 
Jeo a) 
= sinkt —k cot k£ 
k . k A 
kcotké; — = — i kcotké) — >, +i 
— det sin k£ gar . =0 
Keotkl — nka +i Keotkl — agg! 
5 43408 ka — 1 
sir a 
sin k£ 


Consider nonzero values of k. The numerator has second order zeroes at points 
iS An, n = 1,2,..., while the denominator has first order zeroes there. Hence 
the quotient has just first order zeroes at kn. The determinant has second order zero 
atk =0. 

We see that not only the multiplicity of the eigenvalue à = 0 is not reflected 
correctly, but of all other eigenvalues as well. The reason is that all points 7" belong 
to the Dirichlet-Dirichlet spectrum of the operator on the interval [x1x2] of length 
£. As a result not only the multiplicities of the eigenvalues A, = k2 do not coincide 
with the order of these zeroes in the determinant, but the determinant function is 
singular at Cmdr, meN. 


The advantage of the M-function approach is 


e it underlines the analytic structure of the problem so that the spectrum is given 
by zeroes of a certain (matrix-valued) Herglotz-Nevanlinna function; 
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e the rank of the matrix is reduced significantly if standard vertex conditions are 
assumed. 


On the other hand this method has the following serious drawback: 


e the Dirichlet-Dirichlet eigenvalues on the edges should be excluded from the 
consideration, such positive numbers require separate investigation. 


Problem 28 Consider the 8-shape graph I(2.4) given in Fig.2.7. Calculate the 
spectrum of the standard Laplacian using all three methods from the current chapter. 
Compare the results with the calculations carried our in Sect. 2.2. Do you get all 
eigenvalues with correct multiplicities? 


Problem 29 Let I'(2.3) be the graph formed by two edges of lengths @; and £2 
connected at their endpoints forming a loop of length £1 + £2. Consider the standard 
Laplacian L*(T (£41, €2) and write characteristic equations on its spectrum using all 
three methods described. 


(a) Show that for £; and £2 rationally independent all three equations determine all 
nonzero eigenvalues. 

(b) Prove that if £; and £2 are rationally dependent, then there exist non-zero 
eigenvalues that are not described by the last method. 

(c) Which methods determine eigenvalue ào = 0 with correct multiplicity? 


Problem 30 How does M-function depend on the magnetic potential? Derive an 
explicit formula connecting the M-functions corresponding to the same electric 
but different magnetic potentials. How to see from the third characteristic equa- 
tion (5.62) that the spectrum of a magnetic Schrédinger operator depends only on 
the fluxes of the magnetic field through the cycles. 


Problem 31 Give another one explicit example of a metric graph, such that the 
standard Laplacian has eigenvalues not determined by the characteristic equa- 
tion (5.76). 
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Chapter 6 A 
Standard Laplacians and Secular dag 
Polynomials 


In this chapter we start systematic studies of spectral properties of graph 
Laplacians—standard Laplace operators on metric graphs. Our main interest will be 
families of metric graphs having the same topological structure. Metric graphs from 
such a family correspond to the same discrete graph but the lengths of the edges 
may be different. Common spectral properties of such families (and hence of all 
metric graphs) are best described by certain multivariate low degree polynomials. 


6.1 Secular Polynomials 


The secular equation determining the spectrum of a Schrödinger operator on a finite 
compact metric graph takes especially simple form for standard Laplacians—the 
Laplace operators determined by standard vertex conditions. It turns out that in 
this case the spectrum can be effectively described using low degree multivariate 
polynomials. Most ideas can be applied to any Laplacian with scaling invariant 
vertex conditions but we restrict our presentation to standard conditions for the sake 
of clarity. We shall closely follow [351]. 


Theorem 6.1 The spectrum of the standard Laplacian on a finite compact metric 
graph T is given by the zeroes of the trigonometric polynomial 


J 
prk) = det (Se(k) — S) = > pje", (6.1) 
j=l 
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where J € N is a certain integer, pj € R, and 
N . 
wj =J vitn, (6.2) 
n=l 


with Y^; vi < 2N, vů € {0, 1, 2}.! 


Proof Consider the secular equation (5.47) 
det(S(k) — D) = det(Sy(k)Se(k) — D = 0. 


For standard vertex conditions the vertex scattering matrix Sy(k) is Hermitian and 
energy-independent Sy (k) = S, hence the secular equation can be written as 


pr (k) = det (Se(k) — S) = 0, 


since S? = I (remember that S is also Hermitian) and we are only interested in the 
zeroes of the secular function. 

The entries of the edge scattering matrix for the Laplacian are just exponentials 
e'kfn Therefore the entries of the matrix Se(k) — S are just sums of the exponentials 
and reals. Taking the determinant we get products of such exponentials leading to 
a trigonometric polynomial. Each exponential in the polynomial is a product of at 
most 2N exponentials eitn hence (6.2) holds. oO 


Every zero of the trigonometric polynomial pr (k) corresponds to an eigenvalue 
of the standard Laplacian. Moreover, for positive eigenvalues the order of the zero 
coincides with the multiplicity of the eigenvalue (see Theorem 8.1 below). On the 
other hand, Lemma 4.10 states that the multiplicity of the eigenvalue à = 0 is always 
equal to | for connected graphs (independently of the order of the trigonometric 
polynomial). We are going to return to this question in Chap. 8 while proving the 
trace formula. 

The dependence on k in the trigonometric polynomial is via the exponentials 
e'ktn therefore let us introduce new complex variables 


Zn = elke n=1,2,...,N, (6.3) 
and the multivariate secular polynomials Pg (z) 


Pg(a) = det(E(z) — S), z= (z1, z2, ..., zN) € CN, (6.4) 


1 It follows that w jE LN iln} 1» Where £y denotes the linear span with coefficients from N. 
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where E is the following 2 x 2 block-diagonal matrix 


O z0 0:0 0:...:0 0 

0010 210 01...10 0 

pay =dag {(2 YZ) =] 0 00 00 a)... o 
K J=l 0 0:0 Oiz3 OF... 0 0 
O0 010 0:0 0:...:0 zw 

0 0'0 010 Ot...tzw 0 


(6.5) 


The secular polynomial is determined entirely by the discrete graph G associated 
with the original metric graph I’, hence the notation Pg (z). The discrete graph G(T) 
has the same set of vertices and edges as I’. The only difference is that the edges are 
seen as pairs of vertices, not as subintervals of R as in Definition 2.1. 

The original secular equation (5.47) can be written using the secular polynomial 
as 


rae e.g) = pr(k)=0, (6.6) 


where £, are the lengths of the edges. Therefore the zero sets ZG of the secular 
polynomials together with the edge lengths determine the spectra of standard 
Laplacians. The rest of this and the following chapters will be devoted to the studies 
of secular polynomials, especially of their zero sets. 

Let us put together a few obvious properties of the secular polynomials. 


(1) The polynomial Pg is determined by the discrete graph G alone, while the 
secular function pr (k) depends on the edge lengths. 

(2) The secular polynomial Pg is a second degree polynomial in each variable, 
moreover its total degree is 2N. 

(3) For any set nA ,; of edge lengths the secular equation (6.6) has only real 
solutions satisfying Weyl’s asymptotics. 

(4) Let us denote by Zg the zero set of Pg (z) on the unit torus 


TY ={ze CN : |z,|=1,n=1,2,...,N}cC, 
Fe [ze T” Po) = 0}, (6.7) 


then the spectrum of the standard Laplacian LË is given by the intersections of 
the curve k > (eiti, ...,eikfN) € TY with Zg. 
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(5) Similarly denoting by Zg the zero set of Pg (ei?) on the real torus 
TY = (R/27 2)”, 


g= fo eT : Pole?) = o| (6.8) 


the spectrum of Li is given by the intersections of the line k > 
(kti, ..., kly) € TS with ZG. 


1 
(6) The point 1 = (1,1,..., 1) € C™ always belongs to Zg since E(1) : |= 
1 
1 1 
: | =S] : |. It will be shown later (Theorem 8.2) that, provided the graph 
1 1 


is connected, the secular function pr(k) has a zero of multiplicity 1 + £1 (T) 
instead of 1, as one may expect. 


In what follows complex and real coordinates related via (6.3) 


z=e!?, 9 = (91, 02, ..-, QN) 


as well as complex T^ and real T^ tori will be used simultaneously. 

It will also be convenient for us to follow [457] and understand secular 
polynomials projectively, that is two polynomials P! and P? are considered equal 
if and only if there exists a non-zero complex number à such that 


P! (2) = àA P? (2). 


In the following example we describe our strategy to study spectral properties of 
graph Laplacians considering the simplest metric graph with a non-trivial spectrum. 


Example 6.2 Consider the lasso graph G (2.2) depicted in Fig. 6.1. 


Fig. 6.1 Graph G22) 
E» 
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The corresponding secular polynomial depends on two variables 


02100 —1/3 2/3 2/3 0 
z000 2/3 —1/3 2/3 0 
P. ; = det = 
aala 22) =) N oo doz 2/3 2/3 -1/30 
002m 0 0 0 0 1 
1 
=o (3 — 4z +z +z — 42123 + 32}23) 


1 
31 D( 34 21 3 + 32123) 


i=) (-3 +z -z + 32123) ; 


where the last equality holds since the polynomials are treated projectively. 

The first degree factor zı — 1 appears due to the loop formed by the edge E1. 
Every metric graph with a loop has eigenfunctions given by the sine function on the 
loop 


; 27 
w(x) = sink(x — xı), k= g” meN 
1 


extended by zero to the rest of the graph. The energies of such functions depend 
only on the length of the loop and are not influenced by the lengths of the other 
edges. 

The zero set ZGy 5, € T? on the real torus is presented in Fig. 6.2. It is given by 
the zeroes of the function 


. Fl . Pl . Fl 
L.2) (G1, 92) = sin p (3 nC + 92) + aly = p2). 


Fig. 6.2 The zero set ZG,» 36 

on the real torus 
2 HL 
1 L 
0 Hs, 
a4 b 
-2 L 
zgi 
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af 1 3 y 

2 2 

1p J4 1+ ] 
0 0 

=a -1 

= -2 

=3 + ; , l i : , 4 =g H l : / l , / /| 

-3 -2 = 0 1 2 3 -3 -2 -1 0 1 2 3 


Fig. 6.3 Graphical representation of the spectrum of I'(2.2) for rationally dependent (left figure) 
and rationally independent (right figure) edge lengths 


The line g; = 0 (one-dimensional subtorus) corresponds to the linear factor zı — 
1. The remaining (closed) curve is the zero set for the trigonometric polynomial 
3 sin(S + p2) + sin(S — p2). 

The zero set is an algebraic manifold with two singular points corresponding to 
the intersections between the line and the curve: (0, 0) an (0, m) = (0, —z). 

To obtain the spectrum of the standard Laplacian one has to choose the edge 
lengths (£1, £2) and plot on the same torus the line (k£1, k€2) € T?. The intersection 
points with the zero set ZG,,, give the spectrum (see Fig. 6.3). 

If the lengths are rationally dependent £;/£2 € Q, then the line is periodic on 
the torus and there is just a finite number of intersection points. The spectrum is 
periodic in k-scale. The left figure shows solutions in the case 42/1 = 1/3 and we 
observe 5 intersection points. 

If the lengths are rationally independent ¢;/f2 ¢ Q, then the line densely 
covers the whole torus and the intersection points are dense in Zg. Only the 
spectrum connected with the loop eigenfunctions is periodic (corresponding to the 
intersections between the two lines (k£1, k€2) and g1 = 0), the rest of the spectrum 


has no period. The right figure shows solutions in the case £7/£,; = os. 
Depending on whether the edge lengths are rationally dependent or not, one 
observes either multiple eigenvalues (€;/€2 € Q) or arbitrarily close high energy 
eigenvalues (€;/€2 ¢ Q). Close eigenvalues occur when the line kê = (k£, k£2) 
comes near to the singular points. If one takes away the periodic part of the spectrum 
k= =m, m € Z, then the remaining spectrum is uniformly discrete as there is 
always a minimal distance between the subsequent intersections between the line 


and the zeroes of the reduced trigonometric polynomial 


3 sin(S + 92) + sin( — p). 
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6.2 Secular Polynomials for Small Graphs 


In this section we shall present secular polynomials for the graphs formed by 
one, two, or three edges. The calculations are elementary and essentially follow 
Example 6.2 above. This will not only allow us to describe graphically spectra of 
such graphs but will be intensively used later on to study reducibility of secular 
polynomials for arbitrary graphs. Therefore calculating secular polynomials we 
shall always factor them into irreducible factors. 

All metric graphs on three edges are listed below with the enumeration of edges 
indicated (Fig. 6.4). Some of the graphs have degree two vertices and are formally 
excluded from our consideration, but we shall need these graphs in the proofs. The 
secular polynomials for such graphs can be obtained from the secular polynomials 
for genuine (i.e. without degree two vertices) graphs. Let I be a metric graph with 
the edges E; and E; connected at a degree two vertex. Consider the graph I” 
obtained by substituting these edges with one edge E;. Then the secular polynomial 
for G can be obtained by replacing the variable z; with the product z;z; in the 
polynomial for G’ 


PG (Zisieeeg Sj seies ziar) = PGi Cig vans ZIRE 03s) (6.9) 
~~ 
Zi 


All secular polynomials for graphs on at most three edges are listed below: 


Pay = -1 = (z1 — 1)(z1 + D; 

Paz = (a1 — 1); 

Peay = gree — 12 (zr = 1)(z1z2 + 1); 

Par = (zı — 1)8z1z2 — 3 +21 — 3); 

Poa = (2122 — D’; 

Pea = (21 = 1) = D(ziz2 -— 1); 

P8.) = (212223 — 1)(z1z2z3 + 1); 

P8.2 = 3z7z2z2 + las + rane + us) = (zi F z + z3) =3; 
P8.3) = (23 — 1)(3z1z3z3 — z1z3 + z3 — 3); 

Poa = (z3 — 1)( — 2z1z3z3 — z123 — 2323 + z1 +23 + 2); 
Psy = (2122 — 1)(8z1z2z3 — 23 + 2122 — 3); 

P6.9 = (212223 — 1); 


Pan = (22 — 1)(z3 — 1) 
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Ey 


Graph Gaa) = W1. 


Om 


Graph G(2.2): 


Graph G(3.1)- 


E: 


Ey 


Graph G(3.4). 


Cae 


Graph G(3.7). 


Ey 


E3 2 


Graph G3.10): 
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i) = = 


Graph G12). Graph G21). 


Eı 


E, Graph G(2.4): 


Graph G (2.3) = W2. 


E: 
Ey Ey Ez ( ) 
Ez 
Graph G(3.2). Graph G(3.3). 
Ey 
Es 
Ez 
Graph G(3.5)- Graph G(3 6). 
Ey 
Ey E; 
Graph G(3.8). Graph G(3.9) = W3. 
1 
Ez 
E3 


Graph G(3.11) . 


Fig. 6.4 Graphs on one, two and three edges 
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x (9z?z2z3 — 3(z1z2 + 2123) = 223 +z? + 3(z2 + z3) — 9); 
Pos = (22 — 1)(z3 — 1) 

x (Scizozs + (zîz2 + z1z3) + 32223 — 374 — (z2 + z3) — 3} 
P3.9) = (3212223 + (2122 + 2123 + 2223) — (zı + z2 + z3) — 3) 


(3z1z2z3 — (z1z2 + 2123 + 2223) — (zı + z2 + z3) + 3); 
Pga = (2122 — 1)(z3 — 1) (212223 — 1); 
Peal = (1 — k= D= 1) 


x (3212223 + (z1z2 +2123 +2223) E (zı +z2+z3) — 3): (6.10) 


The corresponding trigonometric (Laurent) polynomials Lg(@) := PG (ei?) are: 


: . Gl pı 
Laay = sin gı = sin zy 


2 
La. = cosg — 1 = (sin *) : 


gi + p2 Pit, 
cos : 
2 2 


Loz = 3 cos(g1 + 92) — 4 cos p2 + cos(p1 — p2) 


Loa) = sin(g, + ¢2) = sin 


Jaa £ (3 sinf +0) + sint z p»); 


git 2y, 


Las) = cos(p1 + p2) — 1 = (sin 5 


; ; . . 91 . 2. Pı +p 
L2.4) = sin(g1 + 2) — sing); — sing? = sin 5 sin 5 sin 5 : 


pı + 2 + $3 pı + 2 + $3 
cos : 
2 
Lgo. = 3 sin(g1 + ¢2 + 3) + sin(g1 + p2 — p3) + sin(g1 — p2 + p3) 


Lg.) = sin(g; + p2 + p3) = sin 


+ sin(—@1 + p2 + p3); 


. B/,. 3 f 3 
Lg.3) = sin 23 sin(g] + p2 + 5 — sin(g1ı + p2 — 5; 


. BB 
L = sin — 
(3.4) z 


x (2 sin(g, + p2 + 5) + sin(g1 — p2 + S) + sin(—¢1 + p2 + 5); 
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Les) = sin M (3 sin(% TU + 93) + sin(% PA 3): 
2 2 2 
. p1 + G2 + Y3\2 
Lg. = cosi + p2 + p3) — 1 = (sin 5 ) : 
. 92 . P3 
L = sin — sin — 
(3.7) 2 2 
(9 siny F 2 =p 5) — 3sin(g) + 2 = 5) — 3 sin(g1 — 2 + 5) 
into — Z- 2 ); 
+ sin(gı 5 7? ; 
. 92 . P3 
L = © gin 
(3.8) = sin 5 sin > 
(5 singi + B=) + sin, + 2 — &) + singi -2 + &) 
: p2 p3 
~ 3sin(g: - 2 - 8); 
sin(y} 5 5 ) 
Pee (3sin # + 92 + $3 + sin “l + p2 — p3 + sin l — p2 + p3 
2 2 2 
Fsi —91 Tere) 
2 
( p1 + p2 + G3 pı + G2 — 93 pı — $2 + $3 
3 cos cos cos 
2 2, 
—git+g2+ £) 
cos f 
2 
. Pip . P3 . Pi ++p, 
Lg.) = sin sin — sin : 
2 2 2 
L gig ee ain 
6.11) = 7 7 7 
+2 + +p — — p2 + 
(3 sin P1 + P2 T P3 i gs P1 + G2 — P3 dsi P1 — P2 T P3 
+ sin es, (6.11) 
2 
The following graphs 


G21), G23), G31), G33), G35), G3.6), G3.10) 


have degree two vertices and their polynomials can be obtained from the polynomi- 
als for genuine graphs via formula (6.9). 
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The remaining 10 genuine metric graphs on at most three edges are 


Gat), Ga.2), G22), C24), 63.2), C64, G3.7), 63.8), GB.9), GB.11)- 
(6.12) 


Note that only one secular polynomial (P3.2)) is irreducible. Reducibility of other 
polynomials has two reasons 


(1) The graphs 
Ga, G2.2), G2.4), GB.4), CEN, 63.8), C611 


contain loops. The secular polynomials have linear factors z,, — 1 corresponding 
to loops formed by E,,; the number of such factors is equal to the number of 
loops 


* one loop—one linear factor Ga., G(2.2), G@3.4); 
* two loops—two linear factors G2.4), G3.7), G(3.8)53 
e three loops—three linear factors G(3 11). 


(2) The graph is a watermelon 
* on one edge Wy = Gi.1); 
* on two edges W2 = G23); 
e on three edges W3 = G39). 
The secular polynomial is a product of the polynomials Pj, and Py,, corre- 
sponding to eigenfunctions symmetric and antisymmetric with respect to the 


simultaneous inversion of all edges. Both polynomials have degree 1 in each 
variable. 


In what follows we shall divide the secular polynomial by the linear factors 
corresponding to the loops; the obtained polynomial Pé will be called reduced 
secular polynomial 


Pé@)=Pe@ || @—- wv! (6.13) 


E, is a loop in G 


In the case of watermelon graphs G = Wy we shall have two reduced secular poly- 
nomials P, and På, corresponding to symmetric and antisymmetric eigenfunctions: 


Pw) = Py Py- 
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All reduced secular polynomials for genuine metric graphs on at most three edges 
are: 


Poa =7-1; 
Pay = z1 + l; 


Par = Z1— 1; 
Po) = 32125 = z2 +zı— 3; 
P% = 2122 — l; 


PR») = 3z?z2z + (i + Lika + Zea) F (zi + Zz + z3) — 3; 


(6.14) 

P34) = 2272523 5 zî?z3 z z2z3 + z + za + 2; 
P* — 9 2 os 3 z 2 = 2 3 a Q: 

ón = 9252223 — 3(z1z2 + 2123) — 2223 + zt + 3(z2 + z3) — 9; 
P* = 5 2 2 2 3 — 3 2 = = 5: 

3.8) = 5212223 + (z122 + 2423) + 3z2z3 — 3z] — (z2 + z3) — 5; 
PÈ o) = (3z1z2z3 + (z122 + 2123 + 2223) — (zı + z2 + z3) — 3); 
a (3c12223 — (z1z2 + 2123 + 2223) — (zı + 22 + z3) + 3); 
P% aay = 3212223 + (z1z2 + 2123 + 2223) — (21 +22 + z3) — 3. 


It will be convenient to introduce reduced Laurent polynomials Li. i) associ- 
ated with the reduced secular polynomials PG. jy These polynomials are convenient 


for plotting zero sets on the real torus T™. For example we have 


: p2 p3 . p2 p3 i p2 03 
Lon = 9sin(g1 + 2 T z — 3sin(g + z z — 3 sin(ọ1 — z + z 
i 92 $3. 
+ sin(gı z =i 
Log = Ssinga + £ ; 23) + sing + 2 = 5) + sin(gi — 2 F 5 
; P2 #3 
=3 -2 B, 
sin(g J 5 ) 


(6.15) 
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In addition to the zero sets introduced in (6.7) and (6.8) we shall be interested in the 
zero sets of the reduced secular polynomials: 


Z% =|ze T": Pé@=0|, Z={oeT: PEe*)=0}. 610 


The reduced sets Ziy and Ziy for watermelon graphs are defined similarly. 
Let us describe these zero sets for graphs on one, two and three edges. 


Graphs on One Edge The zero sets are given by one or two points on the unit 
circle: 


_ f_ s n a E 
ZG) a { 1, 1}, Zaan = ZG.) N { 1}, (6.17) 
Zaan = {1}, Zaz = Zaz T Zan _ {1}, 
or using real coordinates 
— S n a ae 
Zcan = 10.7}, Zea p = (0 Zea, Sh (6.18) 


Zea» = {0}, Z% Zi, = {0}. 


= ZS = 
(1.2) Ga.2) (1.2) 


Graphs on Two Edges The zero sets are curves on the two-dimensional torus. We 
plot below both the total zero set ZG and its subset Z% determined by the reduced 
secular polynomial (Figs. 6.5, 6.6 6.7, and 6.8). 


Graphs on Three Edges The zero sets are (singular) two-dimensional surfaces on 
the three-dimensional torus. The following plots show the zero sets Z and Z* using 
real representation (Figs. 6.9, 6.10, 6.11, 6.12, 6.13, 6.14, 6.15, 6.16, 6.17, 6.18, 
and 6.19). 


Fig. 6.5 Zero sets Z, Z* = Z and Z* for G(2.1) 
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3p 3 
2} 7 2Þ 1 
1 at 
0 0 
a4 -1 
=> =2 
-3 -3 
-3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3 


Fig. 6.6 Zero sets Z and Z* for G(2.2) 


-3 -2 -1 0 1 2 3 


Fig. 6.7 Zero sets Z and Z* coincide for G (2.3) 


Analysing the figures we identify the singular subset Z"*__the set of all points 
on the zero manifolds Z%, corresponding to reduced factors, where the manifold is 
not smooth: 


T 


° ZG. (£3, +3, £3)}—8 points. 


EES x)}—4 points. 
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3+ 3 
2H 2 
1 1 
of 0 
-1L -1 
9 -2 
8 1 -3 
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 


sing 

. Zoco =” 
sing 

* Zea Ø 


. 2 = {(+4, x, x)}—2 points. 


é sing ; . 
Ges) T {(0, 0, 0), (x, x, 7x )} - 2 points. 
A sıng — 
Zaai =% 
è sıng _ . 
LG 6511) Z (0 7, 7)}—1 point. 


Points from ZES always lead to multiple eigenvalues if the line k£ comes across. 
Note that multiple eigenvalue may also occur when the manifold is smooth but 
double degenerate like it happens for G(3.6) or when the zero set for one of the 
linear factors crosses the zero set for the reduced secular polynomial. 
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Fig. 6.11 Zero sets Z and Z* for G33) 
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Fig. 6.12 Zero sets Z and Z* for G34) 


Fig. 6.13 Zero sets Z and Z* for G3.5) 
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Fig. 6.14 Zero sets Z and Z* coincide for G(3.6) 


Fig. 6.15 Zero sets Z and Z* for G37) 
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J 


Fig. 6.16 Zero sets Z and Z* for G3.8) 


Fig. 6.17 Zero sets Z = Z*, Z5, and Z* for G3.) 
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Fig. 6.18 Zero sets Z and Z* for G3.10) 


Fig. 6.19 Zero sets Z, Z* and Z* once more for G3.11) 
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We summarise our observations as: 


Lemma 6.3 Consider all graphs on three edges. Then the (singular) two- 
dimensional zero manifolds Z% determined by the reduced polynomials P% (given 
by (6.14)) have up to 8 singular points (if any): 


Gon = 

Zgaga = (Ei, i, +i)} — 8 points, 

ze, = 

Zog, = Uti, +i, —1)} —4 points, 

Gas = 8, 

Zoug = 9 (6.19) 
zat, = 0, 

Zedo = = {(4i, —1, —1)} -2 points, 

sing l 
*Gas) Fk 1, 1), (—1, —1, —1)} -2 points, 
GB10 TR 

Zee = (HL. —1, —1)} = 1 point. 


The singular subset has thus co-dimension at least 2 with respect to Zé. 


The plotted figures indicate how the zero sets of secular polynomials may look. In 
order to make our analysis mathematically rigorous it is necessary to prove that the 
zero manifolds are smooth outside the indicated above singular points. This analysis 
can be found in the appendix below. 

Lemma 6.3 proves one of the conjectures formulated in [160, p. 350] for graphs 
on three edges: the co-dimension of the singular set on the zero manifold is at least 
two. 

We are interested in the singular points for Z%, i.e. in the intersection between 
the singular set and the torus T”, as described by the above Lemma. Checking the 
proof it is clear that the listed singular points determine not only the singularities of 
the zero manifold restricted to the unit torus, but also the singularities oe of the 
zero set in C% 


2% = fze C" : Po@) =O}. 


In other words, all singular points for the polynomial as a function on C™ lie on the 
unit torus 


sing sing N _ Sing 
2.2 NT 22 
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Appendix 1: Singular Sets on Secular Manifolds, Proof of 
Lemma 6.3 


This appendix contains proof of Lemma 6.3. Each of the graphs should be 
considered separately, but the analysis is similar. It appears easier to work with the 
trigonometric polynomials L(@) listed in (6.11), this allows us to use trigonometric 
identities. The singular set is characterised by four scalar equations: the original 
secular equation and three additional scalar equations VL(g) = 0. 

We need to go through all 11 graphs on three edges. It will be convenient 
to classify the graphs according to the number of terms in the reduced secular 
trigonometric polynomial appearing in (6.11). 


I Single frequency: G(3,1), G(3.6), G3.10)- 
It is clear that the zero manifold is given by hyperplanes y1 + g2 + p3 = const. 
Intersections are not possible as the hyperplanes are parallel. 

Il Two frequencies: G (3.3), G(3.5). 


: Graph G83). 
The reduced secular equation depends on just two variables: x := 1 + p2 and 
y = 93/2: 
3 sin(x + y) — sin(x — y) = 0. 


The singular points are determined by 


3 cos(x + y) — cos(x — y) = 0 
3 cos(x + y) + cos(x — y) = 0 


leading in particular to 


sin(x + y) = +1 
sin(x = y) =+ 


osat» =0> | 


contradicting the secular equation. No singular points occur. 
> Graph G35). 
The analysis is completely analogous to the case of graph G(3.3). 


Ill Three frequencies: G 3.4). 
Introducing variables 


X= 91—92, Y= 93/2, z:= 91+ 924+ 93/2 
the equation can be transformed as 


2sinz + sin(x + y) — sin(x — y) = 0. 
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The singular points are determined by 


cos(x + y) — cos(x — y) = 0, 
cos(x + y) + cos(x — y) = 0, 
cosz = 0, 


leading to 
sin(x + y) = +1, 


cos(x + y) = cos(x — y) =cosz=0= į sin(x — y) = +1, 
sinz = +1. 


Checking all possible combinations we arrive at the 4 singular points listed 
above. 


IV Four frequencies: G8.2), G(3.7), G3.8), G89), GEID- 


Graph Ge.2)- 

The secular polynomial almost coincides with the symmetric factor for the 
Watermelon graph Gi3.9): change of variables zj; > z transforms the two 
polynomials into each other. The zero set for the watermelon is discussed below. 
Graph GET. 

Introducing new variables 


_ 92-93 2 YB p2 + $3 
x := 91 + a cn. a ae eo, a 
the equation transforms as 
9 sinz — 3 sin x — 3 sin y — sin(z — x — y) = 0. (6.20) 


The singular points satisfy in addition 


—3 cos x + cos(z — x — y) = 0 
—3 cos y + cos(z — x — y) = 0 = cosx = cos y = 3 cos z. (6.21) 
9cosz — cos(z — x — y) = 0 


We examine the two possibilities: 


— x = y leads to the system 


9 sinz — 6 sin x — sin(z — 2x) = 0, 
cos(z — 2x) — 3 cos x = 0, (6.22) 
3 cosz — cos x = 0. 


146 6 Standard Laplacians and Secular Polynomials 


To prove that the system has no solutions we use first trigonometric identities 
and eliminate sin z from the first two equations, then we eliminate cos z using 
the last equation in (6.22) 


cos x(10 — 2 cos? x)? = 4cos x(1 — cos” x)(9 — cos? x). 


The equation may have a solution only if cosx = 0. From the last equation 
in (6.22) we get cos z = 0 implying 


sinz = +1, sinx = +1, sin(z — 2x) = +1, 


which contradicts the secular equation. 
— x = —y, then (6.20) implies sinz = 0, while the last equation in (6.21) 
implies cos z = 0. We arrive at a contradiction. 


. Graph G(3.8)- 
We introduce new coordinates 


p-p p-p p2 + p3 
7 J = Zi 


x := 91 + 


changing the equation to 
5sinz + sinx + sin y + 3 sin(z — x — y) = 0. (6.23) 
The singular points are determined by additional equations 
cosx — 3 cos(z — x — y) = 0, 


cos y — 3 cos(z — x — y) = 0, = cosx = cos y = —5 cos z. (6.24) 
5cosz + 3cos(z — x — y) = 0, 


We examine two possibilities again: 
— x = y leads to the system 
Ssinz+2sinx + 3sin(z — 2x) = 0, 
cos x — 3cos(z — 2x) = 0 (6.25) 


cosx + 5cosz = 0. 


Using trigonometric identities, eliminating first sin z from the two equations 
and then eliminating cos z using the third equation in (6.25) we arrive at 


cos x(1 + 3 cos” x)? = —3 cos x(1 — cos? x)(5 + 3cos x), 


which has no solutions unless cos x = 0. 
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Equation cos x = 0 together with (6.23) imply 


Ha so 


z=—Z +n p =p =T. 
— x = —y leads to two contradictory equations coming from (6.23) and the third 
equation in (6.24) 
sinz = 0, cosz=0. (6.26) 


We conclude that the singular points are 


(91, 92, 93) = (7/2, n, x) € T’. 


e Graph Ggo)—the watermelon. 
The secular polynomial is a product of two irreducible factors. Let us study the 
zero sets for the factors separately. 
Symmetric eigenfunctions. We denote by Z 


5 : 
coe the zero set corresponding to 


symmetric eigenfunctions, i.e. the zero set of 


3 sin 2 FAFO inf TATP sin” TATP sin PLE P2 +p 
2 2 2 
Introducing the coordinates 
pe gı tp- _ P- Qt PPE pı + G2 +p 
= p J <= 2 
the equation is written as 
3 sinz + sinx + sin y + sin(z — (x + y)) = 0. (6.27) 


Taking the gradient and setting it equal to zero we get three scalar equations: 


cosx — cos(z — (x + y)) = 0 
cos y — cos(z — (x + y))=0 = cosx = cos y = —3 cos z. (6.28) 
3cosz + cos(z — (x + y)) = 0 


Two possibilities should be considered: 
— x = y leads to 
cos x — cos(z — 2x) = 0, 


3 sinz + 2sin x + sin(z — 2x) = 0, (6.29) 
cosx = —3 cos z. 
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Expanding trigonometric functions and eliminating first sinz from the first 
two equations and then cos z using the last equation we arrive at 


2 x cos x(3 + cos? x), 


cos x(1 + cos? x)? = — sin 
which is solvable only if cos x = 0. The the last equation in (6.28) implies that 
cos z = Oand therefore sin z = +1. It follows from the secular equation (6.27) 
that 


IT IT TE: 
x = Fy + 2an, y= p heana, z= t5 2ang. 


These equations determine the unique singular point 


(91, 92, P3) = (1, 0,2) € T’. 


— x = —y substituted into the secular equation (6.27) and the third equation 
in (6.28) leads to contradiction (6.26). 


Antisymmetric eigenfunctions. We denote by Log bj the zero set corresponding 


to antisymmetric eigenfunctions, that is the zero set of 


pı + p2 + p3 p1 + p2 — $3 p1 — p2 + $3 
S cos cos 
2 2 
: —91 + p2 + P3 
5 . 


3 co 


co 


Using the same coordinates the equation takes the form 


3 cosz — cos x — cos y — cos(z — (x + y)) = 0. (6.30) 
The surface is singular if the gradient is zero: 
sin x — sin(z — (x + y)) = 0 


sin y — sin(z — (x + y) = 0 > sinx = sin y = 3 sinz. (6.31) 
—3 sinz + sin(z — (x + y)) = 0 


We have two possibilities to consider: 
— x = y leads to the system 
3cos z — 2cosx — cos(z — 2x) = 0 


3 sinz — sin(z — 2x) = 0 (6.32) 
sinx = 3 sin z. 
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Expanding using trigonometric identities, excluding this time cos z from the 
first two equations and sin z using the third equation in (6.31) leads to 


— sinx(1 + sin? x) = sinx cos? x(3 + sin? x). 
The equation has a solution only if sinx = O and hence sinz = 0. Taking 


into account the secular equation (6.30) we conclude that there are just two 
solutions 


x=y=7=0 x=y=7Z=7, 
determining just one singular point on the torus 


(91, p2, 93) = (0, 0,0) € T?. 


This is just Dirac point clearly seen on Fig. 6.17. 
— x+y = 7 leads to a contradiction coming from the secular equation (6.30) 
and the third equation in (6.32) (see (6.26)). 


. Graph G@.11)- 
The polynomial coincides with the polynomial describing symmetric functions 
for G@.9) and has already been studied in full detail. 


Problem 32 Show that the singular set hens is empty. 
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Chapter 7 A 
Reducibility of Secular Polynomials ga 


Analysing graphs on up to three edges we noted that the secular polynomials are 
reducible if and only if the graphs either contain loops or are watermelon graphs. 
It is our goal in this chapter to prove this statement for arbitrary finite graphs 
(Theorem 7.19). We are going to use contractions and extensions of graphs allowing 
us to consider just a few specially chosen families of graphs together with graphs 
on up to three edges. These families are studied as a preparation for the proof of the 
factorisation theorem. 


7.1 Contraction of Graphs 


In this section we discuss what happens to secular polynomials as edges in the 
discrete graph are contracted so that the edge endpoints are merged together. It 
turns out that there exists an explicit formula connecting the secular polynomials 
for a graph and its contraction. This formula explains how reducibility of secular 
polynomials for large graphs can be traced to contracted graphs. 


Definition 7.1 Let T be a metric graph on N edges with M vertices, pick any edge 
Eno = [X2n0-1; X279] in T, then the graph T’—the contraction of I by deleting the 
edge Enọ—is the graph on N — | edges defined as follows: 


(1) If Eno connects two vertices vo and V0, then 


ved) =v"), m+ m, mġ; 


, if UA 7.1 
y™o (T^) = Vo (T) U V™o (T) \ {X2n9-1; X210}. i 


T” is a graph with M — 1 vertices. (No vertex vo T^.) 
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(2) If En is a loop attached to V™? (T), then 


v"(r’) = v"(L), m x mọ, ; 
7.2 
ymo ÇT’) = VL) \ (299-15 X2no} (ia 


T” has M vertices. 


The contracted graph will be denoted by 


V=P\zg (7.3) 


no . 
The definition can be extended to the case where several edges or even a part 
of the original graph are deleted simultaneously. Contracting the edges it will be 
convenient to indicate which edges are preserved in the graph. We shall denote 
by Gi, in, the graph obtained from G by contracting all edges E; with j # 
i1,12,...,1N,- 

It was more convenient to define contraction of metric graphs, but the definition 
can be used for the discrete graphs as well. We are going to use the same notation 
in the discrete case. 

Examining examples of secular polynomials presented above (6.10) we observe 
an explicit formula connecting the secular polynomial of a discrete graph and its 
contraction. For example we have: 


P32) = 377722 + (225 + giz + aaa) — (zi + a + z3) -3 
asi Poaz z2) = 7423-1 (1.4) 
1 Payı) =z- 1. 


Remember that the secular polynomials are treated projectively since we are 
interested in their zero sets. If the contracting edge forms a loop the original 
polynomial contains the factor (Zn, — 1), nevertheless the limit holds in the projective 
sense e.g. 


lim PezGi z2) = lim (@i — DGzaz -z+ z1 —3)) 
zl zol 
= 2(¢5 — 1) = Pan 2). (7.5) 


These two examples are just illustration for the general formula proven below. 


Lemma 7.2 Let G be a finite connected discrete graph, and let G\g, be its 
contraction by deleting the edge Ej. Then the secular polynomials for the graphs 
are connected via 


Peg (Z1; <- -3 2j. ZN) = lim PE ..., ZN), (7.6) 
J zj>l 
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where 2; means that z; is not present in the list and the limit is taken projectively 
(see Corollary 7.5). 


Proof We assume that the graph has several edges and that the edge Ey is deleted. 
The two cases where Ey forms a loop or not should be considered separately. 


Case A: Contracting Non-Loop Assume that the edge Ey is not a loop. Without 
loss of generality we denote by dı and dọ the degrees of the vertices connected by 
Ey. Then following (6.4) the secular polynomial is given by the determinant 


on 2a ee & 
pe 
me T; : 0 ; = - 
.. 0 * ITE x-+... 0 -=+ 
= d d d 
Pg(z) = det 0 0 x My io 0 F F 
: dı dı dı 
2 2 dy—2 
ae - p @ 
= 
0 0 “T =a ZN di 
where symbols * indicate possible entries containing z1, ...,zy—-1. To calculate 
PG(21,---,ZN—1, 1) explicitly we are going to apply a variant of Gauß elimination 


to diagonalise the lowest principal 2 x 2 block allowing then to eliminate all other 
entries in the last two columns: 


Pe(Z1, 22, ..-, ZN—1, 1) 
d-2 2 
T *75 0 0 =F 0 
.* 4 L-2 * 0 -2 0 
2 3 2 
* d2 ,_ 2 0 -2 
ae |e a, rie a 
= 0 0 “2 22 — 
g qe d dı 
2 2 dh-—2 
“a =o Y ae 
0 0 z2. ee 1 a= 
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2 
d x — a 0 0 “h 
2 dy—2 2 
.x*x— > * 0 —— 
dy dy dy 
d\—2 2 
* 0 
= det dı dı 
g 0 x-2 42 0 
dı dı 
2 2 d—2 
w BA (0) 0 PA 
2(dı—2) 2(d\—2) 2 2 1q — 422 d-2 
© did didz dı di Se dı dz 
— 2(dı+d2-2) 
= dd 
se ee 0 0 ee 
dy dy dy 
x— 2 ae * 0 = 
dy dy p dy 
io 0 * 12 *— 2 0 
x det a) nes 
Foret 0 * aq di 0 
dı dı dy—2 dy—2 0 
d,+d)—2 dj+d,-—2 d,+d)—2 djtd,—-2 °**° 
di2 di2 mae A ae l 
di+d2—2 di+d2—2 di+d2—2 di+d2—2 °** 
— 2(di+d2-2) 
= didz 
2 2 
l ditd? * dita? 0 0 
CR Grae haa A 0 ; 
ziel e 0 * 1 T= * Th we 
ae 0 0 Sa: Pa Fy) 1 Hadad: 
dı dı dy—2 dy—2 
d,+dz—2 d,+d—2 dı Fd 2 d,{+d—2 
d\—2 dı—2 h 2 
di+d2—2 dı+d2—2 di+d2—2 di+d2—2 
We see that 
2(di + dz — 2) 
PG (Z1,.--,ZN-1, D) = -—__—— Pe Kz, ZN-1), 


dd 


.00 
00 


00 
00 


.01 
.10 


(7.7) 
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since the secular polynomial for the contracted graph is given by the determinant 
of the main (2N — 2) x (2N — 2) block of the transformed matrix. The factor is 
neglected in projective formalism. Note that the degree of the new vertex is non-zero 
d = dı + d2 — 2 > 0, unless G is formed by single edge, which is excluded. 


Case B: Contracting a Loop Assume that the edge Ey forms a loop attached to a 
vertex of degree d. Note that d > 3 since otherwise the graph G is not connected. 
We again calculate the secular polynomial explicitly. We subtract first the 2N — 1-st 
column from the last column 


d-2 ,_ 2 2 2 
d d d 
: p2 d-2 2 2 
Pg(Z) = det | +: d d d d 
2 2 d-2 2 
d d da *N—@ 
—2 _2 —2 d2 
d d ZN-a “ad 
d-2 2 2 
aes 4 9 
= det *- a d d 0 
2 2 d-2 
g g ad geet 1 
=a mid. zn-71-2zN 
d-2 2 2 
ee g 0 
= (zy — 1) det *- a a 3 0 
2 2 d-2 ] 
3 g a 
a a) zn- 77-1 


When the factor zy — 1 is extracted calculating the remaining determinant one may 
put zy = | and as before use a variant of Gauß elimination for the lowest 2 x 2 
principal block: 


ANALY 
AINAN ? 
Ta 
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d, n K 4 

= det *- a “d 3 0 
2 2 d-2 | 
d d 


2 9 
tat g 
= 2 det *- a d a 0 
0 (0) . 0 1 
2 2 d—2 
d d q 0 
= ga 2 
E ie d-2, *~ q-3 
2 d—4 
oR  G=2 E 
d—2 
=-—2 Po (z1, ---, ZN-1); 


since again the secular polynomial for the contracted graph coincides with the (2N — 
2) x (2N — 2) main minor. We conclude that the limit (7.6) holds in the projective 
sense. 


oO 


Corollary 7.3 The secular polynomials for graphs G and G', where G' is obtained 
from G by reducing several edges are related via the following formula 


Poias heo Bisse ZN) = lim Pei... zN), (1.8) 
Zi > 1 
Zjk —> 1 

where Zj,,..-, Zjx are the edges that are contracted. The limit is again taken in the 


projective sense. 


Corollary 7.4 From the proof of last lemma we see that the secular polynomial 
never has (zj — 1) as a factor, unless the graph is a simple loop. 
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Corollary 7.5 It might be convenient to modify the formula for the secular 
polynomial for the contracted graph to avoid the limits 


° Ifthe edge E; does not form a loop in G, i.e. Pg(z1,...,. 1 ,...zyn) #9, then 
PG! (Z1, 0005 Zine e+) ZN) = PG (zi,..., 1, ...2N). (7.9) 


° Ifthe edge E; forms a loop in G, i.e. Pg(Z1,...,ZN) = (Zj— I) Pé(a, pee ZN)s 
then 


PGB tay izana ZN) = Pris ines 1 ,...zy). (7.10) 


Corollary 7.6 Let G be a finite connected discrete graph, then the secular polyno- 
mial Pg contains factor zj — 1 if and only if the edge E; forms a loop. 


Proof Let us examine the proof of Lemma 7.2: if the original graph contains a loop 
formed by Ej, then the secular polynomial contains the factor zj — 1. In all other 
cases the secular polynomial is not identically zero for z; = 1 and hence contains 
no linear factor zj — 1. o 


Lemma 7.2 answers the following very important question: 
What happens to the secular polynomial under the graph’s contraction? 


The Lemma implies in particular that reducibility of the secular polynomial is 
preserved, unless one of the factors depends entirely on the contracted variables. 
This principle will allows us, as far as reducibility is concerned, to go down 
from large graphs to their contractions containing a small number of edges, thus 
trivialising the problem to a relatively small set of graphs on three edges. 

The following lemma will play an important role allowing to diminish further 
the number of graphs that have to be considered. It turns out that it is enough 
to work with genuine graphs even though degree two vertices may appear under 
contraction. ! 


Lemma 7.7 Any genuine graph on at least four edges can be contracted to a 
genuine graph on three edges. 


Proof Assume that G is a genuine graph on at least four edges. To prove the lemma 
it is enough to show that one of the edges in G can be contracted leading to a smaller 
genuine graph. Then contracting edges one-by-one we arrive at a genuine graph on 
three edges. 


' Secular polynomials for graphs with degree two vertices are given by formula (6.9). 
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Contraction of an edge leads to a non-genuine graph only if the contracted edge 
is either 


e a pendant attached to a degree three vertex; 
or 
e a loop attached to a degree four vertex. 


In all other cases the contracted graph is again genuine, provided the original graph 
was genuine. 

Hence a genuine graph cannot be contracted to another genuine graph only if all 
its edges are either pendants attached to degree two vertices or loops attached to 
degree four vertices. All possible such graphs are: 


e the three-star graph G(3.2); 
e the graph G@.4); 
e the figure eight graph G24). 


All graphs from the list have at least three edges. o 


7.2 Extensions of Graphs 


Let us discuss now what happens when one goes in the opposite direction from small 
to large graphs. We need to formalise which graphs should be discussed starting 
from a particular small graph. 


Definition 7.8 Let T be a metric graph on N edges having M vertices, we say that 
the graph T” is an extension of I obtained by adding the edge Ey+1 if and only if 
T” is a graph on N + 1 edges such that 


P=" \eyy- (7.11) 


There are two mechanisms how the extension is achieved 
(1) inserting an edge by splitting a vertex—the new edge Ey4, = 
[x2v+1,X2N+2] breaks a certain vertex mg into two vertices m’ and m” so 
that the corresponding equivalence class is first divided 
vor) = (vio)! U (vir) (vio)! N (v™o)" = Ø 
and then extended by adding the endpoints x2ņọ+1 and x2y+2 separately 


V” (T) = (V™Y U {xonai}, V” TO = (V™Y" U {xna}; 


(2) adding a loop—the new edge Ey +, forms a loop and is connected to a certain 
existing vertex mo in I so that the endpoints x2y+1 and x2y+2 are added to the 
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corresponding equivalence class 


V™ (T^) = V™ (T) U {x2N+1, X2N42}- 


Note that adding of a pendant edge to a vertex V” can be achieved by formally 
dividing the equivalence class as V”°(T) = V0(T) U Ø and then adding the 
endpoints x2y+1 and x2V+42 to V™° and to the empty set respectively. 

Appending an edge between two existing vertices in T is not an extension since 
contraction of this edge leads to the graph where the two vertices are glued together. 

Extending graphs one has either to specify which vertex is going to be split and 
how, or to which vertex a loop will be attached. Extension of graphs gives much 
more freedom in comparison with the contraction which is uniquely determined 
specifying the edge to be contracted. Let us illustrate this freedom by considering 
all possible extensions of the loop graph G,1.2) (See Fig. 7.1). 

The graph G(1.2) has single vertex, hence its extensions are obtained either by 
adding a loop (graph G(2.4)), or by adding a pendant edge (graph G(2.2)), or by 
splitting the vertex into two (graph G(2.3)). 

Consider now the graph G22). It has two vertices, hence two extensions are 
obtained by adding a loop or a pendant edge to each of these vertices (the graphs 
GB., Ga.8), G3.3), and G3.4)). Splitting of the central vertex leads to the graph 
G@g.s) and once more to the graph G(3,3). Extensions of the other two graphs G24) 
and G,2.3) are marked by different colours. 

Note that the graphs G31) and G(3.2) never appear extending G,1.2), the reason 
is very simple: these two graphs are trees, but the starting graph contains one cycle. 

Looking at the diagram presented in Fig.7.1 we see that some of the graphs 
on three edges may be obtained from different graphs on two edges. The number 
of cycles is always preserved unless the extension is obtained by adding a loop. 
What is more interesting is that if the resulting graph is a genuine metric graph on 
three edges (contains no degree two vertices) and not a watermelon graph G(3.9), 
then the secular polynomial contains only factors corresponding to loops. In other 
words, potential factors which can be observed for non-genuine graphs on two edges 
disappear under extension. 

Graph contractions will be used to prove reducibility of secular polynomials 
which is preserved under contractions in the sense of Lemma 7.2. Graph extensions 
on the opposite will be used to prove irreducibility of secular polynomials for large 
graphs. 

Several of our proofs will be based on the following simple argument. Assume 
that we want to prove that the secular polynomial pg for a large graph G on N edges 
possesses a certain property connected with reducibility of polynomials. Consider 
then the contracted graph Gj,,i,,...i,, < N where {ij Ving C {1,2,..., N} is 
the set of preserved edges. Depending on whether the secular polynomial for the 
contracted graph possesses the same reducibility property or not one may draw 
conclusions concerning reducibility of pg. If all Gi,,i,,..,i, possess the required 
property, then we are done. Otherwise one needs to go up and check extensions of 
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G(3.5) 
G2.2) 
G(3.6) 
QO — OO 
Ga.2) 
G'(2.3) G°3.7) 


G3.11) 


Fig. 7.1 Extensions of G(1.2) 


the contracted graph, of course only extensions compatible with the original graph 
G should be considered, i.e. extensions of Gj, ¥;,,...,;, Which are at the same time 
contractions of G. Pretty often the contracted graph contains degree two vertices 
which are excluded from our studies, hence the original graph G cannot contain 
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such vertices. This allows us to conclude that among all reductions of G there is 
an extension of Gj,,i,,...,i,, Where to each degree two vertex a pendant edge or a 
loop is attached. Here we need to look just at the extensions for which the degree of 
the vertex increases. We shall always be dealing with graphs on two or three edges, 
which makes the total number of graphs that has to be analysed finite. 

We present two lemmas illustrating our approach. 


Lemma 7.9 The secular polynomial for any graph G on two or more edges and 
without degree two vertices can be written as a product of two factors depending 
(non-trivially) on the same two variables (and any other variables) only if the 
corresponding edges belong to a simple cycle, i.e. a cycle passing each of its vertices 
just once, or both of them form loops. 


Remark 7.10 Note that two parallel edges belong to the simple cycle formed by 
these two edges. 


Proof Let us start by examining all graphs on two edges. We need to check genuine 
graphs only: the lasso graph G(2.2) and the figure eight graph G24). The second 
graph possesses the desired property: the secular polynomial can be factorised into 
factors depending on both variables zı and z2. The first graph does not possess 
the desired property since the secular polynomial is a product of the linear factor 
(zı — 1) and an irreducible factor. We conclude that the lemma not only holds for 
all (genuine) graphs on two edges, but the statement can be formulated using if and 
only if. 

We proceed to arbitrary graphs. Without loss of generality assume that the 
variables in question are zı and z2. Contract the original graph G to G1,2 by 
collapsing all the edges except E; and E2. Let us consider all possible graphs on 
two edges with their secular polynomials listed in (6.10). We shall look at their 
extensions. 


(1) Gi.2 = Ge1)—segment. 
Using the argument formulated above we conclude that among compatible 
extensions of G1,2 one finds either the graph G1,2,3 = G(3.2) or G1,2,3 = Gi3.4). 
The secular polynomials for both graphs cannot be written as a product of two 
factors both depending on zı and z2. Thus all extensions of the graph G(2,1) do 
not possess the desired property. 

(2) G1,2 = G@.2)—lasso graph. 
The secular polynomial for Gi2.2) is not reducible as a product of two 
polynomials depending on both variables, hence all extensions of G(2,2) do not 
have this property. 

(3) G1,2 = G@3)—loop formed by two edges. 
The edges E and E> belong to a certain cycle in the original graph G in 
complete agreement with the statement we are aiming to prove. 

(4) Gi,2 = Ge.4)—figure eight graph. 
We need to study only extensions of G(2.4) which do not preserve the loops 
formed by E; and £2, or these two edges are not parallel. In fact we are going 
to show that the secular polynomial is not factorisable as desired in these cases. 
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Fig. 7.2 Graph Gos 


The two loops are not preserved if and only if the extensions of G(2.4) are 
obtained by spritting the central vertex V = {x1, x2, .x3, x4} into two (see 
Fig. 7.2). We are interested in the splittings that destroy at least one of the loops, 
in fact there are just two possibilities (up to the exchange of the edges and their 
orientations) 


(a) Vt> {x1, x4} U {x2, x3}; 
(b) V > {x1, x2, x4} U {x3}. 


In the case (a) the edges are parallel in the extension, then these edges either are 
parallel in G, or there exists another extension of G1,2 with the splitting of V 
as in the case (b). In other words, it is sufficient to study the case (b). 

Assume that the vertex V is split into V! = {x1, x2, x4} and V? = {x3}. Then 
among extensions of G1,2 that are compatible with G there is a graph, where 
these two vertices are connected either by a single edge, or by a watermelon 
graph on d > 2 edges. In the first case in accordance with the principle 
formulated above among compatible with G extensions of G1, there is a graph 
with either pendant edge or a loop attached to the degree two vertex containing 
x3. In the second case one of the extensions is the watermelon on a loop graph 
described below. Let us check all three possibilities: 


e Among contractions of G there is a graph on four edges given by the loop 
formed by E and E3 with the pendant edge E4 and loop E; attached at 
the two vertices (see Fig. 7.3). Here and below (see Fig. 7.4) we use a certain 
particular enumeration of all graphs on four edges but we refrain from listing 
all such graphs. The secular polynomial is 


Pais) = (Z1 — 1) (6132323 — 421222324 — 21 (25 + 23)24 + 2212524 
HE? + 2323 — 4zaz3(1 + 21 + 23) + eh + 2) 
—(3 +23) +223 +6), 


where the second factor is irreducible. The secular polynomial cannot be 
written as a product of factors, both depending on zı and z2. 


Fig. 7.3 Graph G4.15) 


E, 
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Fig. 7.4 Graph G(4.22) G) © 


e Among contractions of G there is a graph on four edges given by the loop 
formed by Ez and £3 with the loops E; and E4 attached at the two vertices 
(see Fig. 7.4). 

The secular polynomial is 


Pa22 = Z1 — 1) 4 — D(4z1z2z2za — 221222324 
—21 (25 + 23)z4 + (z123 + 2125 + 2324 + 2524) 
—2(212223 + 222324) — (23 + 23) — 22223 + 4), 


the last factor is irreducible, the secular polynomial cannot be written as a 
product of polynomials depending on both zı and z2. 

e Among contractions of G there is a graph on d + 2 edges formed by the 
loop E; and d + 1 parallel edges. This graph is a watermelon with a loop 
graph W4L and we are going to return to it in Example 7.13 in the following 
section. It will be proven that the secular polynomial is a product of (z; — 1) 
and a certain irreducible polynomial. 


It follows that the secular polynomial for G can be written as a product of 
two factors both depending on zı and z2 only if the edges E; and E2 belong to 
a cycle or both edges form loops. 

oO 


The lemma does not imply that the secular polynomial for graphs where two 
edges belong to the same cycle can be written as a product of two factors both 
depending on both variables. On the other hand, if the two edges form loops, then 
we already know that the secular polynomial contains factors (zı — 1) and (z2 — 1), 
hence it can be written as two factors both depending on z1 and z2. 

The result for two variables can be extended for the case of three variables as 
follows. 


Lemma 7.11 Jf the secular polynomial for a graph G on three or more edges 
and without degree two vertices can be written as a product of two factors, both 
depending on the same three variables, say z1, z2, z3, then the contracted graph 
G\,2,3 is either the flower graph F3 = G11) or the watermelon graph W3 = 
Geo): 


Proof Using Lemma 7.9 we conclude that the edges E1, E2, and E3 are arranged 
in one of the following ways (up to permutation of the edges): 


(1) three-flower graph F3 = G@3.11); 
(2) watermelon graph W3 = G39); 
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(3) figure-eight graph with loops formed by E2 and by EF; and £3—the graph 
G3.10)5 
(4) loop formed by E1, E2, and E3—the graph G36). 


The first two graphs are genuine graphs on three edges, while the last two—not. 
We need to show that among compatible with G extensions of G(3.10) and G(3.6) 
there are no graphs with the desired factorisation property. 

The graph G(3.10) contains a degree two vertex, hence among its extensions 
compatible with G we have either the graph G (4.15) or G(4.22)—the graphs obtained 
by attaching a pendant edge or a loop to the degree two vertex in G(3.10) (see 
Figs. 7.3 and 7.4). Both graphs have already been considered proving Lemma 7.9, 
where it was shown that the secular polynomial is not factorisable into polynomials 
depending on both zı and z2. Hence the polynomial for G@.10) is also not 
factorisable into factors depending on the three variables. 

Let us turn to the loop graph G36). The vertices have degree two and therefore 
cannot be preserved in G. Using the argument formulated above, we conclude that 
for each vertex V/ there exists an edge, say E 34; forming a loop or a pendant edge 
in G1,2,3,3+j- Altogether there are 4 possibilities (up to permutation of edges) that 
have to be considered: 


(1) Triangle with three pendant edges attached. 

(2) Triangle with two pendant edges and one loop attached. 
(3) Triangle with two loops and one pendant edge attached. 
(4) Triangle with three loops attached. 


These graphs are plotted in Fig. 7.5. 


Fig. 7.5 Extensions of the 


graph G36) ig a 
E Ez Ey Ez 
Es E3 Es Ee Es Es 
Graph G(6.1)- Graph G(6.2)- 
E4, 
E4 
E Ez Ey Ez 
Es E3 Es Ee Ex Es 


Graph G(6.3)- Graph G(6.4)- 
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Find below the corresponding secular polynomials maximally factorised: 


P6.1) = 27 — 32} — 325 — 25.25 — 16212223 — 324 — 2125 — 2323 


P62) = 


22 DO as 3 E) 
+ 272523 
+924 + 32724 + 32524 — 3z7z3z4 — 16z1 222324 — 2324+ a 


+:25.2524 + 32]252524 + 923 — 2522 + 32523 + z?z3z4 — 1621222325 
432322 + 242523 — 3252422 + 321232323 + 32423 + 252425 — 3252425 
4323232322 — 162122232425 + 242425 — 24252425 + 325252425 
492525232423 + 922 + 3222 — 2522 + 2i252% — 1621222322 + 32327 
3232322 + zhedze + 3ziz5z422 + 32422 — 3242422 + hz422 
432252422 — 162122232426 + 242425 + 327242422 — 25252422 

49 zt 25232422 $ 323z + EAA t 235z = gale ee z 162122232322 
— 323.2322 + 32}24292¢ + 325252922 + 92525242422 + z4z2z2 — 212 4242e 
—zhzizez2 = bapese beter = 16212223242326 = ZSL REZE 


2722222 2522252 222s 2028 
— 32123242526 — 32923242526 + 272425232425 26- 


(-1+ z6)(18 3z? — 225 — 2123 — 8212223 — 324 — 2324 + 624 


+32] 24 + 22374 — 3212374 — 821222374 — 2324 + 232324 + 625 
—2i25 + 2zhz2 + zizdze — 821222325 + 32423 — 3252423 + 22422 
+2142 — 2232423 + 327232723 — 82122232123 + 232425 

4325.24242% + 32126 + 242526 — 821222326 + 32426 — 2272426 + 252526 


4225252326 — 3z¢ziz6 + 321252426 — 82122232426 + 232426 + 224232426 
— 25232426 + 62425232426 + 242526 — 24252526 — 82122232526 

3232326 + Whee eas + 3z3z3zEZ6 + 62123232526 = z?z4zZ6 

— 32525242526 = 8212223242526 = NOLAN E z 2z?z2z2z2z6 


2,2,2,2 2.52 £25239 
— 32523242526 + 18z}2323232226). 


P6.3) = (-1 + 25)(—1 + z6) 


2 2_ 72,2 2 2 2,2 2,2 
(12 224 — 225 — Z173 — 4212223 — 323 + 4z4 + 22524 + 22524 
—3z}2524 — 421222324 — 2424 + 22525 + 242525 — 421222325 + 32425 
22 272 2-232 2 2,2 2252 
2252325 — 2252425 + 321252475 — 42122232425 + 232425 + 225232425 
422426 + 22526 — 421222326 + 3z3z6 = 2z1z3z6 — 2222226 


4324252426 — 42122232426 a Z3z4Z6 + Patera a: = Z1Z2Z5Z6 


—4Z 122232526 — 3242526 + 2z?z2z5z6 g 2z3z3z5z6 + 42423222526 
32525242526 — 4212223242526 = Z3z4z5Z6 = 2z7z3z2z5z6 


~223.23742526 + a 
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Poa) = (—1 + z4)(—1 + z5)(—1 + z6) 


(4 z 7% 212223 z a zîza T z2z4 = z?z3z4 — 21222324 + a 


21222325 + Fate = pen a = Z345 T z?z2zazs — 2122232425 
47272 2 2 2,2 2 2.2 
25232425 + z176 — 21222326 + 2326 — 712326 = poo T wn 


—Z1222374Z6 + 24242426 — 2122232526 — 242526 + 24242526 + 23242526 


—z} 257242526 — Z1Z2Z3Z4Z5%6 — 2424247526 — Z3Z3Z4Z5Z6 


+4232323242526)). 


The last factors in all four polynomials are irreducible. Let us illustrate this by 
considering the first polynomial P(6.1). The reduction G4,5,6 of this graph is the star 
graph G(3.2) with an irreducible secular polynomial. Hence one of the polynomials 
in the hypothetical reduction of P(6.1) should be independent of z4, z5, z6: 


Penz) = Piz, 22,23) Po(Z1, 22, Z3, Z4, Z5; Z6). 
aR ee 


= (212273 — 1) 


The first polynomial must be equal to (z;z2z3 — 1) due to unique factorisation of 
P8.6) = (212223 — 1)”. To see that (zjz2z3 — 1) is not a factor in P(6.1) it is enough 
to calculate 


P@.1)(—2, -1/2, 1, 24, 25, 26) = —9 + 924 + 92222 — 9z3z222 £0, 


despite z1z2z3 = (—2) x (—1/2) x 1 = 1. Irreducibility of the remaining three 
polynomials is proven in the same way. 

We see that the reduction into factors depending on all three variables z1, z2, z3 
is always destroyed. The secular polynomials contain only factors caused by single- 
edge loops present in the corresponding graphs. 

We conclude that G1,2,3 is either the flower graph F3 = G3,11) or the watermelon 
graph W3= G39). oO 


7.3 Secular Polynomials for the Watermelon Graph and Its 
Closest Relatives 


This section contains further three examples of graphs to be used in the proof of 
Theorem 7.19 below. 


Example 7.12 Watermelon graph W, formed by d parallel edges connecting two 
vertices V! and V? (Fig. 7.6). 

To determine the secular equation we observe that the graph has a symmetry 
for arbitrary choice of edge lengths, namely the graph is invariant under the 
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Fig. 7.6 Watermelon graph Fy 
Wa 
yt y? 


Ea 


simultaneous inversion of all edges. Therefore the eigenfunctions can be divided 
into two classes: symmetric (invariant under the symmetry transformation) and 
anti-symmetric (multiplied by —1 when the symmetry transformation is applied). 
To describe the spectra corresponding to these two classes of eigenfunctions let us 
introduce the matrix 


Za(Z) = diag (z1, 22,--+, Za). (7.12) 
Then the zero sets are given by the equations 
e for symmetric eigenfunctions 

Pw, (2) := det (Zac) — st) —0; (7.13) 
e for anti-symmetric eigenfunctions 


P4 (2) := det (za ik st) =0. (1.14) 


Here s3 is the vertex scattering matrix for degree d vertices already introduced 
in (3.41). It follows that the secular polynomial Pw, can be factorised as 


Pw, (2) = P (2) PR 0), 


where Pw, and Pw, are first degree polynomials in each variable, invariant under 
permutations of variables. Such polynomials are reducible only if they are products 
of identical one-variable factors, which is not the case. It follows that both Pw, and 


Pw are irreducible. 
d 


Problem 33 Justify formulas (7.13) and (7.14) using the fact that for symmetric 
and antisymmetric eigenfunctions the corresponding amplitudes satisfy 


a2j-1 = Eaj, bzj—1 = +b) ;. 


Example 7.13 Watermelon with a loop graph W4L formed by d, d > 3 parallel 
edges between the vertices V! and V? and one loop Eg attached to V? (Fig. 7.7). 
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Fig. 7.7 Watermelon with a Fy 
loop graph WaL 


vi Easi 


E d 


Existence of the loop implies that the secular polynomial can be written as 


Pw, 2) = (za+1 — 1) Pw, O. 


Our goal is to show that PL is irreducible. Assume on the contrary that it is 
reducible and can be written as a product of two factors: 


PL (2) = Q(z) R(2). 


Note that Py, ņ is at most linear in zg since the original polynomial is quadratic 
in each variable, hence only one of the two polynomials in the factorisation depends 
on Zd+1, Say 


Q = Q(z1, ..-, Zd, Zd+1), R = R(z1,..., Za). 


When the loop edge Eq+1 is contracted the graph W4L turns into Wy formed by d 
parallel edges, hence we have 


Q (zı, see fds 1)R(z1, oes Zd) = Pw, Zi wey Zd) Py (Z1, seep tae 


Since the polynomials associated with Wzy are irreducible, the polynomial R 
coincides with either Pw, or Pw 

Assume first that R(z) = Pw, (z), which in particular implies that the eigen- 
values corresponding to symmetric eigenfunctions of Wy are always present in the 
spectrum of WL independently of the length £741. Consider the eigenfunctions 
on WaL corresponding to these eigenvalues. Some of these eigenfunctions must 
be different from zero at V. If all such eigenfunctions would be equal to zero at 
V2, then they would be identically equal to zero on Eg+1, since the length of this 
edge is arbitrary. That would imply that their restrictions to the d parallel edges are 
eigenfunctions on Wy. For any choice of €;,n = 1,2,...,d the corresponding 
eigenvalues must coincide with the eigenvalues of the symmetric eigenfunctions on 
Wa, which would imply that the restrictions of the eigenfunctions on W4L coincide 
with the symmetric eigenfunctions on Wy. That would imply that all symmetric 
eigenfunctions on Wy are equal to zero at V? and hence at V! by symmetry, which 
in turn would imply that all functions from the domain of the Laplacian on Wg attain 
opposite values at the vertices u(V!) = —u(V?) which is not the case. (Remember 
that every function from the operator domain can be written as a sum of symmetric 
and antisymmetric eigenfunctions), 
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We conclude that the Laplacian on W4L has an eigenvalue, which is independent 
of £441 and the corresponding eigenfunction is not equal to zero at V~. To prove that 
this is also impossible we calculate the secular equation based on the Titchmarsh- 
Weyl M-functions. Let us assume that the parallel edges are parametrised in the 
direction from V2 to V! as intervals [0, Zn] and the loop edge as [0, €g41]. Every 
eigenfunction w is a solution to the differential equation ~y” (x) = k?y and is 
easily determined by the function values at the vertices Ym = W(V”), m=1,2: 


sinkx sin k(x — £n) 
sinke | sin kên 
sin kx — sin k(x — €q41) 


p, x € E,,n=1,2,...,d; 


ya) = (7.15) 


: yo, x € Egy. 
sinkég+ 


For any values of yı and 72 the above formula determines a continuous function 
on the graph. It remains to check that Kirchhoff conditions are satisfied 


d d 
1 
1) = (=k) | X cotk -$ —— = 0; 
ay(V j= ( ( cot kla yi a) 0; 
n=1 n=1 
d 1 d biii 
aw(V?) =k( X — y- Y cotkt 2k tan k- = 0. 
w(V*) ( aa 2% va) ane wo 
(7.16) 


Excluding yy; and w2 from the system of two linear equations we arrive at the secular 
equation 


layi (Xi cotkln)” = (Yia sae) 


2 tank a 
Wa) coke, 


(7.17) 


The left hand side is an explicit function of €741, while the right hand side contains 
no €q41 implying that solutions k; = kj(€1,...,€a, a41) to the above equation 
always depend on £g+1. 

The developed method can be applied to the case where R(z) = Pw, (z) with the 
only difference that symmetric eigenfunctions on Wy should be substituted with the 
antisymmetric ones. 

We arrived to a contradiction proving that the polynomial PL is irreducible. 


Note that for d = 2 the graph W2L coincides with the figure-eight graph and the 
secular polynomial is reducible. 


Example 7.14 Watermelon on a stick graph W41 on three vertices formed by d 
parallel edges between the vertices V! and V? and one edge Eg+1 between V? and 
V? (Fig. 7.8). 
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Fig. 7.8 Watermelon on a Ey 
stick graph W41 


Ea+1 
Ea 


We shall prove that the secular polynomial is irreducible. Assume on the contrary 
that 


Pwa (2) = Qw,1(Z) Rw,1(Z)- 


The polynomials depend on the variables z1, ..., zą since the factors for Wy depend 
on all variables. 

If one of the polynomials Ow,,1(Z), Rw,1 is independent of zq+1 then it coincides 
with either Pw, or Pw, and we can repeat the analysis carried out for WagL with 
the only difference that the secular Eq. (7.17) should be substituted with 


2 2 
(Zi 00th) — (eat akr) 
ae cot ke, l 


tankla+ı = (7.18) 


If both polynomials Paa depend on zg+1 consider the graph obtained from W41 
by contracting all the edges except E1, E2, and Eg41. This graph coincides with 
G.g) considered above, its secular polynomial is not reducible into factors both 
containing zy, hence we get a contradiction proving the statement. 

Considered examples lead us to the following statement. 


Lemma 7.15 Let G be any extension of the watermelon graph Wa on d edges 
E\,..., Eg. Assume that G is genuine, i.e. contains no degree two vertices, then the 
secular polynomial Pg never admits factorisation as 


Po(z) = P!(a)P7(z), Z1 = (21, 22, ---, Zd), (7.19) 


where P! depends on all variables z1, z2, ..., Zd, unless the extension is trivial and 


G = Wu. 


Proof If the original watermelon graph Wg is preserved during the extension, i.e. 
Wz is a subgraph of G, then the contracted graph G1,....d,d+1 coincides either 
with WaL considered in Example 7.13, or with the graph W4I considered in 
Example 7.14. In the first case the secular polynomial is a product of the linear factor 
(Za+1 — 1) and an irreducible polynomial depending on all variables z1, . . . zą+1. In 
the second case the secular polynomial is irreducible and depends on all variables 
including zg+1. This contradicts factorisation (7.19). 
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Fig. 7.9 Extended y3 
watermelon graph 
E 


Ea+t 


vi y? 
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If Wa is not preserved during the extension, then among compatible extensions 
of it there exists a graph, say G1,....d,d+1, obtained form Wz, by adding the edge 
Eq+1 to one of the parallel branches, say to the branch formed by E; (see Fig. 7.9). 

This graph contains a degree two vertex connecting E; and Eq+1. In accordance 
to the argument among compatible extensions of G1,...q+1 there exists a graph 
obtained by attaching a pending edge, or a loop to this vertex. Let us denote 
this edge by Eg42. Then the graph G1,4+1,4+2 on three edges coincides either 
with G@.5), or with G(3.10). The corresponding secular polynomials do not contain 
factors depending entirely on the variable zı contradicting factorisation (7.19). O 


7.4 Secular Polynomials for Flower Graphs and Their 
Extensions 


Let us prove that the secular polynomials for flower graphs possess only trivial 
factorisation via linear factors corresponding to the loops. 


Lemma 7.16 The secular polynomial for the flower graph F4 on d edges joined 
together at the single vertex is given by 


Pp, = (21 — 1)... @a- 1) Pe, @), (7.20) 


where PR, is an irreducible polynomial, first degree in each variable. 


Proof Each loop given by E; determines the linear factor (z; — 1) in the secular 
polynomial, hence factorisation (7.20) is already proven. It remains to show that 
P* is irreducible. Assume on the contrary that the first degree in each variable 
P* is reducible into two factors, one containing zı and another one containing z2. 
Consider the reduction G1,2, which is nothing else than the figure eight graph G(2.4) 
with 


Poa) = (21 — I(z2 — Dizz — 1). 


The polynomial Poo R is irreducible leading to contradiction. o 
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Lemma 7.17 Let G be any extension of the flower graph Fg on d edges 
E\,..., Eq. Assume that G is genuine, i.e. contains no degree two vertices, then 
the secular polynomial Pg admits factorisation as 


Pg@) = P! (z1), P?(@z), Z1 = (21, 22, +--+, Zd), (7.21) 


with P! depending on all variables z1, 22, ..., Za, if and only if the edges Ej, j= 
1,2,...,d form loops in G. In that case the polynomial P! (z1) is a product of first 
degree factors: 


P! (1) = zi — D2 — 1)... (Za — 1). 


Proof It is clear that if the loops formed by Ej, j = 1,2,...,d are preserved in 
the extension, then representation (7.21) holds and the polynomial is given by the 
product of fist degree polynomials (z; — 1) associated with the loops. It remains 
to study the case where the loops are destroyed under extension. During extension 
every cycle in a graph is either preserved or gains an additional edge, hence it is 
always possible to trace the original cycles to any graph’s extension, which in turn 
can always be achieved by adding edges one-by-one. 

In the graph G consider the cycles originating from the loops in Fg. Every such 
cycle contains one edge Ej and perhaps few additional edges. If no cycle contains 
additional edges, then all edges Ej, j = 1,...,d form loops. We have already 
considered this case. 

Assume without loss of generality that the cycle containing E; also contains an 
additional edge Ey+1. We need to study two alternatives: 


(1) The edge Ez+, does not belong to any of the cycles originated from E2,..., d. 
(2) The edge Ey+; belongs to a cycle originated from another loop in F4, say from 
Ep. 


Alternative (1). Consider first the contracted graph G,...¢+1. This graph contains 
a degree two vertex connecting E and Eq+1 and following the argument among 
compatible extensions of G;,...¢+1 there exists a graph obtained by attaching 
a pending edge , or a loop to this vertex. Arguing like during the proof of 
Lemma 7.15 and considering the graph G1,4+1,4+2 on three edges (coinciding 
either with G(3.5), or with G(3.10)) we conclude that factorisation of its secular 
polynomial contradicts (7.21). 

Alternative (2). Check whether the edge Eg+1 belongs to any other cycle (in G) 
originated from £3,..., Ea. Let us denote these edges by E3, ... Eq, dı < d. 
Then the contracted graph G1,..¢,,a+1 coincides with watermelon graph on 
dı + 1 edges. Its secular polynomial is a product of two first order irreducible 
polynomials depending on all variables z1, ...,Zdį,Zd+1, Which contradicts 
factorisation (7.21). 
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7.5 Reducibility of Secular Polynomials for General Graphs 


Our goal in this section is to prove that secular polynomials can always be reduced 
into a product of linear factors (Zn — 1) corresponding to the loops and an irreducible 
polynomial with the only exception given by the Watermelon graphs Wy. 


Lemma 7.18 Jf the secular polynomial can be presented as a product of two factors 


Pez) = Q(z) R(2), (7.22) 


then at least one of the factors depends on all variables zy. 


Proof Assume the opposite: there exist two variables, say zı and z2, such that 
Q depends on zı but is independent of z2, while R depends on z2 but is 
independent of z1. Consider the contracted graph G1,2 defined following (7.3) and 
the corresponding secular polynomial Pg, ,, which can be presented as a product of 
two single variable polynomials. Checking all graphs on two edges we see that this 
is impossible. o 


We are prepared to prove Colin de Verdière’s conjecture [160]—the main result 
of this section. 


Theorem 7.19 Let G be a connected finite graph without degree two vertices. The 
secular polynomial for G is reducible if and only if the corresponding metric graph 
admits a non-trivial symmetry group for any choice of the edge lengths, in other 
words if and only if G contains loops or G is a watermelon graph Wy formed by 
N parallel edges. 

Moreover, if the secular polynomial is reducible, then the following formulas 
hold 


e if G contains loops, then 


Po@®=( I] @@—)) PE. (7.23) 


Enis a loop in G 


where the product is over the loop edges and the polynomial P% is irreducible 
and is of order one in the variables corresponding to loop edges; 

e if G is a watermelon graph Ww, then the secular polynomial Pg is a product 
of the irreducible polynomials Pwr and Pw given by (7.13) and (7.14) and 
having order one in each variable 


Pw, (2) = Pw, (2) Py @)- (7.24) 


Proof We start by proving that metric graphs I’ corresponding to a certain discrete 
graph G admit a non-trivial symmetry group for any choice of the edge lengths 
if and only if the discrete graph either contains loops or it is a watermelon graph. 
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Note that we assume that the graphs have no vertices of degree two. Since the edge 
lengths are arbitrary we may take them rationally independent. Then the metric 
graph I’ admits a symmetry group only if the elements from the group map edges 
to the same edges. The only nontrivial transformation is the one reversing the edge 
orientation. Consider any nontrivial symmetry of I’, then there exists an edge, say 
E1, whose orientation is reversed. There are two possibilities: 


e the endpoints of E; belong to the same vertex, i.e. E; forms a loop in G; 

e the endpoints of E; belong to two different vertices, say V! and V7, then all 
edges adjacent to V! should be mapped to edges adjacent to V? and vice versa, 
but the edges can be mapped only on themselves, hence all edges in G are parallel 
and it is a watermelon graph Wy. 


It is trivial to see that the metric graphs corresponding to the watermelon graph 
Ww and graphs with loops always have non-trivial symmetry transformation (given 
by the reversal of all edges and the reversal of loops respectively). We have seen that 
the corresponding secular polynomials are reducible implying that every graph with 
a non-trivial symmetry group for any choice of edge lengths leads to a reducible 
secular polynomial. 

Assume now that the secular polynomial is reducible. Taking into account 
Lemma 7.18 possible factorisation can always be written as 


PG) = Q(Z1,..-,2N,) R1; -- -3 ZN), (7.25) 


with a certain N; < N. Both polynomials Q and R are linear in the first Ny 
variables. Using the unique factorisation in the ring of polynomials one may always 
assume that the polynomial Q is chosen maximal, i.e. depending on the maximal 
possible number of variables. 

The polynomial R has to be irreducible.? Assume the opposite: the polynomial 
R is reducible as 


R(z) = R! (z) R? (2). (7.26) 

The polynomial R is first degree in the variables zı := Z,..., Zn, and second 
degree in Z2 := ZN +1; -<--> ZN: 

The new factors R! and R? cannot be second degree in any of the variables. 

Assume on the contrary that R! is quadratic in Zy,, ZN3+1; ---, ZN, Where Ni < 


? This property does not automatically follow from the maximality of Q. Consider for example the 
following polynomial P = (zı — z2)(z2 — z3)(z3 — zı). In any factorisation of this polynomial 
as (7.25) the factor R is reducible. Fortunately for our analysis this polynomial does not appear as 
a secular polynomial for any graph. 
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N> < N, then R? is independent of zy,,..., zy and we have 


Po) = (ODRE) — xR). 
——— 
independent of zy, ,...,zN 


Lemma 7.18 implies then that R! depends on all variables z implying that R? 
is independent of zı = (z1,7Z2,...,Zn,). It follows that R? is a first degree 
polynomial in the variables zy,41,...,ZNj,—1, hence the polynomial Q in the 
factorisation (7.25) is not maximal. 

We conclude that polynomials R! and R? in the hypothetical factorisation (7.26) 
are linear in each of the variables zy,41,..., zn. If one of these polynomials is 
independent of the first N variables zı = (z1,..., Zn, ), then the factorisation (7.25) 
is not maximal. Therefore we conclude that R! and R? depend on variables from 
both the sets zı and z2. It follows that there exist certain three variables 


Zj, Zk:Z JkKSM <I, 


such that R! depends on zj and z and is independent of zx and R? depends on zg 
and z; and is independent of z;. Consider the contraction of the discrete graph G to 
the graph Gx; on the three edges Ej, Ex, E1. The factorisation (7.25) together with 
the hypothetical factorisation (7.26) imply that the secular polynomial possesses the 
factorisation 


PG ins = QG; Ej ORG 4, Ej WRG; 5, ks Ws 
where OG int RG ier i = 1,2, are the reductions of the polynomials Q and Pİ. 
Among all secular polynomials for graphs on three edges, no one has factorisation 
compatible with the one above. 

We conclude that in the factorisation (7.25) the polynomial R(z) depending on 


all variables is irreducible. 
Consider the contracted graph G, 2, y,, its secular polynomial is reducible as 


PGi 9g Zs ZN) = Qi +65 ZN) RGq yy E1 +++ ZN), 
where Q and Rg,___y, depend on each of the variables z1, ....z, since Q is linear 
in each variable and Pg, | ™ is quadratic. 

Let us prove that G1,2,...,y; is either a watermelon or a flower graph. To achieve 
this we show first that the graph does not contain cycles of discrete length greater 
than or equal to three and passing each vertex on the cycle just once. We call such 
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cycles simple. Assume on the opposite that this is not the case and there exists such 
a cycle formed by the edges E), F2,..., En,, Na < Nj. Contracting the edges 
E4,..., EN,, leads us to a graph with the secular polynomial given by a product of 
first degree polynomials in all variables. We reduced our analysis to simple cycles 
of discrete length 3. We aim to prove that among all contractions of the graph there 
exists one having just three vertices, say V!, V7, V? connected pairwise by one or 
several parallel edges. Consider all simple paths connecting V! and V? not passing 
through V°. Choose any such path and choose one edge on it, say E Na+1, and 
keep it, contracting all other edges on the path. The resulting graph has the same 
property as before, but there are two parallel edges connecting V! and V?. Repeat 
this procedure until no new simple paths connecting V! and V? can be found. There 
will be several parallel edges connecting V! and V?, but graph’s secular polynomial 
is still reducible into a product of two first degree polynomials in each variable. 
Continue this procedure by identifying all paths connecting V? to V°, each time 
choosing an edge and contracting all other edges on the path. We obtain a graph 
with several parallel edges connecting V? to V3. Looking at paths between V? and 
V! gives us a graph with several parallel edges between these vertices. Finally we 
contract all edges not directly connecting V!, V? and V°. The resulting graph on 
three vertices is given by several edges connecting the vertices pairwise. Of course it 
might happen that no parallel edges occur and we obtain the graph G(3.6), but this is 
forbidden due to Lemma 7.1 1—the secular polynomial for the original graph cannot 
be factorised into two factors both depending on the variables associated with the 
three edges building the cycle. 

It remains to consider the case, where several edges connect two of the vertices. 
Contracting all except one of these edges leads to the watermelon with a loop graph 
WaL already considered in Example 7.13. The secular polynomial for this graph 
does not possess the desired reducibility. 

We have proven that G1,2,...,y; is either the watermelon graph Wy, or the flower 
graph Fy,. Lemmas 7.15 and 7.17 imply that factorisation (7.25) of the secular 
polynomial for the original graph is possible only if G is either a watermelon graph, 


or G contains N; loops given by E\,..., En. This accomplishes the proof since 
irreducibility of the polynomial P* depending on all variables has already been 
proven. o 


This Theorem establish a remarkable connection between the topology of the 
graphs and reducibility of their secular polynomials. Knowing whether the secular 
polynomials are reducible or not allows us to better understand the structure of the 
spectrum. It is conjectured that the singular sets for irreducible factors have co- 
dimension at least three [160], while intersection between the zero hypersurfaces 
corresponding to different irreducible factors in general has co-dimension two. 
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Chapter 8 A 
The Trace Formula Ghegkfor 


This chapter is devoted to the trace formula connecting the spectrum of a finite 
compact metric graph with the set of closed paths on it. In other words this formula 
establishes a relation between spectral and geometric/topologic properties of metric 
graphs. 

Such a formula was first proved for the Laplacian A defined on a Riemannian 
manifold X [134, 159, 175, 249] and is known now as Chazarain-Duistermaat- 
Guillemin-Melrose trace formula 


1/2, _ x> €(prim(y)) 
x cosà; t=) pp net — LO) +R, t>0. (8.1) 
Aj <Spec A Y 


The sum on the left hand side is taken over all eigenvalues of the Laplacian A, 
the sum on the right hand side—over all closed geodesics on the manifold X. (y) 
denotes the length of the geodesic y and prim(y)—the primitive geodesic. P, is 
the Poincaré map around y. The remainder term R is a certain (non-specified) 
function in Li Joc, which means that this formula holds modulo Ly loc-function. 
Formula (8.1) can be seen as a generalisation of the classical Poisson summation 
formula in Fourier analysis (see (10.13) below) as well as Selberg’s trace formula. 

We are going to prove a direct analogue of formula (8.1) for the case of metric 
graphs. For simplicity we consider first the standard Laplacian, which is uniquely 
determined by the metric graph I’. In contrast to (8.1) the formula we are going to 
prove is exact and does not contain any reminder term. This formula first appeared in 
a paper by J.-P. Roth [451, 452], but we follow scattering matrix approach suggested 
in [252, 320, 321] and developed further in [346]. This formula will be used to prove 
that the spectrum of a quantum graph determines its Euler characteristic. Despite the 
fact that the original formula is proven for standard Laplacians, it can be generalised 
to the case of standard Schrédinger operators. 
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8.1 The Characteristic Equation: Multiplicity of Positive 
Eigenvalues 


Consider the standard Laplace operator on a finite compact metric graph I’. One can 
easily see that this operator is nonnegative, since its quadratic form is given by 


N 
(u, Lwm = > I lu! (@) Pax, (8.2) 


(see (3.55)). (The operators Asm appearing in (3.55) are all equal to zero.) 

To determine positive eigenvalues we are going to use the characteristic equation 
on the spectrum derived using the scattering approach in Sect. 5.2. The eigenvalue 
à = O needs special attention and will be discussed later on. Let us repeat 
the derivation of formula (5.47) adjusting formulas to the case of the Laplace 
operator with standard vertex conditions. Let y be an eigenfunction corresponding 
to the eigenvalue 7 = k?. On every edge [x2,—1, X2n] it is a solution to the 
equation —y” = Aw and can therefore be written using one of the following two 
representations: 


w(x) = Annet 822-1) + anne 1k 2n) 


= bop pe ikam) 4 popei k02), (8.3) 


The amplitudes a; of edge-incoming waves are related to the amplitudes b; of edge- 
outgoing waves via the edge scattering matrix Sé (k) 


bon-1 0 ekt a2n—1 
= i : 8.4 
( bon ) (ie 0 a2n Ga 
— 


=: S? (k) 


Putting together all amplitudes of incoming and outgoing waves for all edges the 
last relation can be written as 


B = Se(k)Ä, (8.5) 


where the matrix Se(k) is formed by 2 x 2 block diagonal matrices S$? (k) if the 
amplitudes forming A and B are indexed according to the endpoints xj. 
The second relation between A and B comes from the vertex conditions 


A=SB, (8.6) 


where the matrix S has block-diagonal form if the amplitudes A and B are ordered 
following the vertices. The matrices on the diagonal are vertex scattering matrices 
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St given by (3.41) with d equal to d,,—the degree of the corresponding vertex. It 
is important for our derivations that the vertex scattering matrices corresponding to 
standard vertex conditions do not depend on the spectral parameter k. 

Putting together (8.5) and (8.6) we arrive at 


S()A =A, S(k) := SSe(k). (8.7) 
Taking the determinant we get Eq. (5.47) 
det(S(k) — D = 0, 


determining positive eigenvalues of L*(T). In other words Eq. (5.47) describes all 
eigenvalues of L*(T) with one possible exception 4 = 0, since the operator is 
nonnegative. 

The 2N x 2N matrix S(k) introduced above describes how the waves are 
penetrating through the collection of edges and vertices forming the graph. We 
called it the graph scattering matrix, although it is more correct to understand it as 
the evolution map in a discrete dynamical system associated with the metric graph. 
We shall use this point of view proving the trace formula. 

Let us introduce the function 


p(k) := det(S(k) — T) = det (SSe(k) — D), (8.8) 


coinciding with the secular trigonometric polynomial pr (k) introduced in 6.1, as 
we agreed to treat these functions projectively: 


p(k) = detS pr(k) = p(k) = pr (k). 


Putting together the vertex and edge scattering matrices will help us in the proof. 

The zeroes k; of the trigonometric polynomial p correspond to the eigenvalues ki 
of the standard Laplacian on I’. The zeroes are situated symmetrically with respect 
to the origin 


p(kj) =0 => p(-k;) =0. 


We are now interested in the order of the zeroes. One should expect that the orders of 
zeroes coincide with the multiplicities of the corresponding eigenvalues of L“(I), 
but this fact needs to be proven. Let kj be any zero of p, then the function (k? = 
k?) p(k) is also a characteristic function for the spectrum, but obviously the order of 
the zero at k; is different. The orders of zeroes and multiplicities of the eigenvalues 
coincide only due to the special form of p constructed using the suggested recipe 
and holds true for nonzero k only. As will be proven later, the order of k = 0 may 
differ from the multiplicity of à = 0. 
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Theorem 8.1 Let p be the characteristic function for L*(T) determined by (8.8) 
and let k; # 0 be one of its zeroes. Then the order of the zero of p(k) at kj coincides 
with the multiplicity of the eigenvalue à j = ke of L*(L). 


Proof Let us denote by en) n = 1,2,...,2N, and Ay (k) the eigenvalues and 
the eigenvectors of the unitary matrix S(k) = SSe(k) 


S(k) An (k) = ef A, (k). (8.9) 
The determinant (8.8) can be easily calculated in terms of the phases 6, (k) 


2N 


vk) =T] (gee te 1) (8.10) 


n=1 


For k; # 0 there is a one-to-one correspondence (8.3) connecting the amplitudes A 
and the eigenfunctions y on I’. Therefore a real number àj = k? is an eigenvalue of 
a certain multiplicity m(A j) if and only if the dimension of the kernel Ker (S(k) — I) 
is equal to m(Aj;), in other words, if and only if among 2N phases 6, (k;) there are 
precisely m(Aj;) phases equal to 0 (mod 277). Hence the function p has a zero at kj 
of order at least m(A;), since precisely m(Aj;) terms in (8.10) vanish. On the other 
hand it may happen that some of the items have zeroes of higher orders. 

To prove that the order is precisely equal to m(A;) it is enough to show that 
OF (k j) is different from zero for all n such that 6,(k;) = 0 (mod 27x). For such n 
we have 


S(kj)An(kj) = An (kj). (8.11) 
The matrix S(k) = SSe(k) possesses the following analytic expansion 
S(k) = S(kj) + S(k;j)iD(k —kj)+..., 
where we used the fact that the vertex scattering matrix S is independent of the 
energy and the edge scattering matrix is given by 2 x 2 blocks in the basis associated 
with the edges. The matrix D used here is defined as 


D = diag {€1, 41, €2, €2,..., EN, EN}, (8.12) 


in the edge basis. Since the entries of S(k) are analytic functions in k, the eigenvalue 
branches e!*®) and the corresponding eigenvectors Än (k) can be chosen analytic 


enO 14 iok- k) +..., 


7 > > as k > kj, 
An(k) = An(kj) + A, (kjk — kj) +... E 
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where we used the fact that 6,(k;) = 0. Substituting analytic expansions for 
S(k), Ay (k), and 6, (k) into the eigenfunction Eq. (8.9) we get 
(S(kj) + SKID — kj) +...) (An (kj) $ALE HK) Fa .) 
= (1 + iO) (kj )(k —kj) +. za) (An (kj) + Al (k;)(k —kj)+. a : 

Comparing coefficients to first order in k — kj we obtain 

S(kj)iDAn (kj) + S(kj) Al, (kj) = 101 (kj) An (kj) + Ai (kj) 

& (S(kj) — 1) Al (kj) = —S(kj)iDAn (kj) + 19) (kj) An (kj). 
It remains to take into account that (8.11) implies in particular that An (kj) is an 
eigenvector of the adjoint matrix as well: S*(k;)An(k;) = An(k;). This can be seen 
by acting with S*(k;) on both sides of (8.11) and using that S(k;) is unitary. Hence 


the left hand side in the last displayed formula is orthogonal to An (k;). Likewise, 
on the right assuming 0; (kj) = 0, we would have 


0 = (An(kj), Skj)iDAn (kj) = (S(kj)* An (kj), IDA, (k;)) 
= i (Än (kj), DA (kj)), 
but the matrix D is positive definite. Hence 6/ (kj) is different from zero. Oo 


An alternative proof can be found in [463] and [81]. 

It follows that the analytic function p can be used to determine the spectrum of 
L* (T) including multiplicities of the eigenvalues on (0, 00) by just calculating all 
its zeroes and the corresponding orders. The key point in the proof is formula (8.3) 
describing the one-to-one correspondence between the eigenvectors of S(k;) asso- 
ciated with the eigenvalue 1 and the eigenfunctions of the Laplacian on T. The 
eigenvalue A = 0 requires more attention as will be seen below. 


8.2 Algebraic and Spectral Multiplicities of the Eigenvalue 
Zero 


We have shown that equation p(k) = 0 determines the spectrum of L*(T) with 
correct multiplicities for all nonzero values of k, but the multiplicity of the zero 
eigenvalue indicated by (5.47), i.e. the order of the zero, may be different from 
the correct one. The proof of Theorem 8.1 implies that the order of zeroes of 
p coincides with the dimension of the kernel Ker (SSe(k) — I). For all k 4 0 
the dimension of the kernel coincides with the number of linearly independent 
eigenfunctions of the Laplacian due to one-to-one correspondence between A and 
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w on I (see (8.3)). This correspondence is not valid anymore if k = 0, since the 
exponentials et/*0—*/)|,_9 = 1 coincide. 
Therefore, let us introduce two (maybe different) characteristics: ! 


e ms(0)—the spectral multiplicity—the dimension of the eigensubspace of L* (T) 
corresponding to the eigenvalue A = 0, 

e maq(0)—the algebraic multiplicity—the order of zero of p(k) at k = 0, equal to 
the dimension of Ker (S(k) — D = Ker (SSe(k) — D. 


It turns out that these multiplicities may be different and the difference depends on 
the topology of the graph, more precisely on the number of independent cycles. The 
following theorem connects these multiplicities with the Euler characteristic of T 
given by (2.7). 


Theorem 8.2 LetT be a finite compact metric graph with Bo connected compo- 
nents and Euler characteristic x = 1 — B,, and let L*(T) be the corresponding 
standard Laplace operator. Then à = 0 is an eigenvalue with spectral multiplicity 
ms (0) = Bo and algebraic multiplicity mg(O) = 2Bo — x = 2Bo + bı — 1. 


Proof 


Spectral Multiplicity (Easy, quick repetition of Lemma 4.10.) Every eigenfunction 
corresponding to A = 0 minimises the quadratic form (8.2) and therefore is a 
constant function on every edge. Continuity of the function at all vertices implies 
that the function is equal to a constant on every connected component of I. 
Hence spectral multiplicity of à = 0 coincides with the number fo of connected 
components in I’. 


Algebraic Multiplicity To derive Eq. (5.47) we used the representation (8.3) for the 
eigenfunction. If k # 0, then the coefficients a; or bj are uniquely determined 
by w(x, A), but it is not the case if k = 0: the function y determines only the 
SUM a2n—1 + 42n = b2n + b2n—1. Therefore there is no one-to-one correspondence 
between y and the vectors A, B2 

Assume first that the graph I is connected. To determine the algebraic multiplic- 
ity we have to calculate the dimension of the space of solutions to the following 
linear system 


SSe(0)A = A. 


l Note that the algebraic and spectral multiplicities introduced below have nothing to do with 
algebraic and spectral multiplicities for non-Hermitian matrices, but we use the same term, since 
the analogy is straighforward. 

2 For k = 0 every solution of the equation —y” = k?y = 0 is a linear function, therefore 
representing it as a sum of two exponentials is unreasonable, but representation by exponentials 
lies in the basis for the definition of f and therefore is discussed here. 
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One may use standard methods of linear algebra like it was done in [346, 408]. We 
shall instead use the original equations in order to illuminate the relation between 
the algebraic multiplicity and the fundamental group on I’. The vectors A and B are 
related by 


B =S,(0)A, 


A SB. 


Taking into account that all matrices S? (0) are all equal to (? J , the first relation 


can be written as 
a2n—1 = bən and azn = ban-1, n=1,2,...,N. (8.13) 
The second relation can equivalently be written as (3.37) 
+bi =aj+bj, xi, xj € V”, 


X` (aj-bj)=0 Bis Pui M. (8.14) 


bs m 
xjeV 


Here we in some sense return back and use standard vertex conditions as they were 
written originally (2.27) instead of using the vertex scattering matrix. 

Excluding the coefficients b; we get the following linear system with 2N 
unknowns aj 


agj—1 + 42; = @2j-1 +a2j, i, j = 1,2,..., N; 


> (ai — ai-{-1)i) = 9, m=1,2,...,M 


i:xjeV™ 


(8.15) 


The first set of equations shows that the function y corresponding to A = 0 is 
equal to a constant (as one expects taking into account the spectral multiplicity). 
The reason why the spectral and algebraic multiplicities may be different is that this 
constant function w(x, 0) = c may be represented by different vectors A. 
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With every edge E,, we associate the flux f,,° defined as follows 
fn = G2n-1 — nn. (8.16) 


Note that the flux so defined depends on the orientation of the edge En, i.e. it changes 
sign if one changes the orientation of the edge. The second set of Eq. (8.15) implies 
that the total flux through every vertex is zero 


x i= 5 fa m=1,2,..., M. (8.17) 


E, starts at v™ E, ends at y” 


Let us prove that the dimension of the space of solutions to this system of equations 
is equal to the number g = f; of generators for the fundamental group.* 

Assume that F is a tree (N = M — 1 < £, = 0), then the only possible flux is 
zero. First we note that the flux on all pendant edges is zero. To see this it is enough 
to look at the relation (8.17) in the case of vertex of degree one—only one sum is 
present and it contains just one term. Then it is clear that the flux is zero on all 
edges connected by one of the endpoints to pendant edges. Continuing in this way 
we conclude that the flux is zero on the whole tree. 

Assume now, that I is an arbitrary connected graph. Then by removing certain 
B, = N — (M — 1) edges it may be transformed to a certain tree T connecting all 
vertices. Let us denote the removed edges by E1, E2, ..., Ey—y41 so that 


T =T \ UVT E. 


Every removed edge E,, determines one nontrivial class of closed paths on T U Ey. 
Consider the shortest paths from this class. There exist precisely two such paths 


3 The interpretation of fn as a flux can be justified by the following reasoning. The probability flux 
into the interval En = [x2,—1, X2n] from the left and right endpoints is given by |a2,—1 K — |bon—-1 2 
and |d2n (2 — |bon (2 respectively. Then the unitarity of the edge scattering matrix Sg expresses the 
fact that the total probability flux for each edge is zero. In the case à = 0 the coefficients an, bn 
may be chosen real and the probability flux through the edge from the left to the right endpoint is 
given by 


2 2 2 2 
la2n-1| [b2n-1|" = an1 — Gy = (@2n-1 an) (a2n—1 + G2n) = Cfa. 


Hence fn coincides with the flux up to multiplication by the constant c. 

4 The following analogy may be helpful to understand our proof. Consider a system of connected 
together pipes filled with some moving incompressible and frictionless liquid. If the pipe system 
has a cycle, then one may observe liquid flow along the cycle. Our immediate goal is to calculate 
how many independent flows can be observed. I still remember that this proof appeared to me 
during a concert at Wiener Musikverein and how did I try to explain it on the way home. 
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having opposite orientations. To each path we associate basic flux F” supported by 
it 


FE) = | +1, if Ex belongs to the path, 
0, if Eg does not belong to the path, 

where the sign in the last formula depends on whether the path runs along Ex in 
the positive (+) or negative (—) direction. Without loss of generality we assume 
that F” (En) = 1. This condition fixes the orientation of the shortest path. In what 
follows we consider just one shortest path associated with En. Every constructed 
flux satisfies the system of Eq. (8.17). 

Consider any flux F on I satisfying the conservation law (8.17). We claim that 
it can be written as a linear combination of the basic fluxes F”. Really the flux 


Bij=N-M+1 
F- Yi FEF 


n=1 


is supported by the spanning tree T, it satisfies (8.17) on T and therefore it is equal 
to zero. 

Summing up we conclude that for connected graphs the algebraic multiplicity of 
the zero eigenvalue is given by 


ma(0) =1+ 61 =1+N-—(M—-1)=2- x. 


Since the Euler characteristic x is additive for not connected graphs, it is 
straightforward to see that formula m,(0) = 289 — x holds in the general case. 
| 


This theorem implies that two graph Laplacians can be isospectral only if the 
underlying graphs have the same number of connected components. It can clearly 
be seen from the proof that the spectral and algebraic multiplicities for connected 
graphs are equal only if the fundamental group is trivial 6; = 0, i.e. if the graph is 
a tree. 
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We prove now the trace formula relating the spectrum of the standard Laplacian to 
the set of oriented closed paths on the graph. We consider only those paths y which 
do not turn back in the interior of any edge, but which may turn back at the vertices. 
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Definition 8.3 Let { ye , be a finite sequence of edge endpoints on a finite 
compact metric graph I 


YL Y2 Y3, -03 2a, Yj EV = tui, 


such that 
* y2j-1 and y2; are endpoints of a certain edge, j = 1,2,...,d, 
e yo; and y2;+1 belong to a certain vertex, j = 1,2,...,d, 


where we used natural cyclic identification y24+1 = y1. Then the oriented closed 
path y = (y1, yo, y3,---, y2q) is a union of edges 


y = [y1, y2] U [y3, va] U .. . [Y24-1; Y2a] 


with endpoints y2; and y2j+ı identified and inherited orientation. The paths 
obtained from each other by cyclically permuting the endpoints y; (y) are identified. 


Each pair (y2j;-1, y2;) determines not only the edge the path traverses but also 
the direction of the path on it. The pairs (y2;, y2;+1) determine the vertices and their 
order on the path. Every closed path can be equivalently defined by the sequence of 
edges indicating path’s direction on each edge. 

Topologically every closed path y is a cycle which can be continuously embed- 
ded in F locally preserving the distances. Certain edges may appear in y multiple 
times. Consider the graph I” obtained from I by substituting each edge En with 
as many parallel edges identical to E, as it appears in y. If y does not pass along a 
certain edge, then this edge is missing in I”. Therefore the path y can be obtained 
by cutting I” through the vertices. In other words y can be seen as an Eulerian path 
on T”, i.e. a closed path visiting each edge precisely once. 

If the graph has no loops and parallel edges, then every oriented closed path is 
uniquely determined by the sequence of edges this path goes along. In this case the 
order of the edges determines the direction in which the path crosses every edge. 
Alternatively every oriented path is determined by the sequence of vertices in this 
case. 

The discrete length d = d(y) counts how many times the path y comes across 
an edge, so that contribution from every edge in I’ is equal to its multiplicity in y 
(independently of the direction). The discrete length should not be mixed up with 
the geometric length £ = £(y) obtained by summing the lengths of the edges 
respecting their multiplicities in y 


d(y) 


&(v) = D> (v2) — y2j-1)- (8.18) 


j=l 
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The paths having opposite orientations are distinguished, then the path going 
along the same edges as y in the opposite direction and order can be seen as its 
inverse. 

For any edge the path y going back and forth along the edge coincides with y~!. 
Moreover, for any even d = 2j, j € N, there exists a unique oriented path supported 
only by the edge and having discrete length d. It is a multiple of the primitive path 
going once back and forth. 

For a loop the two paths going in opposite directions are distinguished. For 
example among the paths supported by the loop there are 3 paths of discrete length 
d=2: 


e going twice in the positive direction; 
e going twice in the negative direction; 
e going once in each direction. 


Note that the latter path coincides with its inverse and is primitive. 

By the primitive path of y, prim (y), we denote the shortest closed path, such 
that the path y can be obtained by repeating the path prim (y) several times. For 
example every path supported by an edge Ep is a multiple of the primitive path 
going back and forth Eo just once. 

The set P of all closed paths is infinite, but countable. 

Assume that the set of edges is fixed, then the flower graph has the largest set 
of closed paths since any sequence of edges with arbitrary directions is allowed. 
Otherwise topology of the graph provides certain restrictions on the sequence. 

We are ready to formulate the main result of this chapter. 


Theorem 8.4 (Trace Formula) Let I be a finite compact metric graph with 
Euler characteristic x and the total length £, and let L*(T) be the corresponding 
standard Laplacian. Then the spectral measure 


u := 2ms(0)5 + X` (ôk, + 8—k,) (8.19) 
kn#0 


is a tempered positive distribution, such that not only the Fourier transform À but 
also | Ô| is tempered. 

The following two exact trace formulae establish the relation between the 
spectrum {k?} of L* (T) and the set P of closed paths on the metric graph T 


u(k) = 2ms (0) (k) + > (ôk, (k) + 5—x, (k)) 
kn #0 
£L 1 
= xô(k) + z R ` £ (prim (y))Sy(y) cos k£ (y), 
yeP 


(8.20) 
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and 


AM = 2m, (0) + > 2cos knl 
kn#0 


= x +L + YO prim (VDS) (80 + 8- D). 
yeP 


(8.21) 


where 


e ms(0) is the (spectral) multiplicity of the eigenvalue zero; 


¢ P is the set of closed oriented paths on T; 

e €(y) is the length of the closed path y; 

e prim (y) is the primitive path for y; 

© Sy(y) is the product of all vertex scattering coefficients along the path y. 


Proof We divide the proof of theorem into two parts. The first part concerns 
general properties of the spectral measure establishing that jz is not only a tempered 
distribution, but also |A| is tempered. This will be important in Sect. 10.2, where 
we show that spectral measures for metric graphs provide explicit examples of 
crystalline measures and Fourier quasicrystals. In the second part we prove trace 
formula connecting the spectral measure associated with the standard Laplacian to 
the set of periodic orbits on the metric graph. 


Part I. General Properties of the Spectral Measure 

Step 1. Measure « as a tempered distribution. Consider the spectral measure 
given by (8.19) where the sum is taken over all non-zero eigenvalues A, > 
0, ke = hn, kn > O respecting multiplicities. The formula determines a 
tempered distribution since the eigenvalues accumulate towards oo satisfying 
Weyl’s asymptotics (4.25). All non-zero points (including correct multiplicities) 
are given by zeros of the analytic secular function p determined by (8.8). The 
distribution is positive as a sum of delta distributions with non-negative integer 
amplitudes. The Fourier transform ji is also a tempered distribution. 

Step 2. Spectral measure and logarithmic derivative of the secular function. 
The distribution u can be obtained by integrating the logarithmic derivative of 
p(k) (introduced in 8.8) around the zeroes and using Sokhotski-Plemelj formula 
(see e.g. formula (3.2.11) in [271] iw 


1 1 1 
ôo = — 7 = je 
2mi \x— i0 x+i0 


5 It is equal to the number fo of connected components in accordance to Theorem 8.2. 


6 One may use the following reasoning to justify our calculations. Let Y be a C§° (R) function with 
the support in [a, b] containing just one of the zeroes of the function p, say a simple zero kj. In 
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Since the zeroes are situated on the real axis, the sum of delta functions with the 
supports at the zeroes is equal to the jump understood in the sense of distributions 


teeth = eso) 
—|— i0) — — iO) ). 
2ni (ak 8P dk EP 


More precisely we have 
a(k) = (2ms (0) — ma (0))8 (k) 


1 d d 
+ m lim Te log p(k — i€) — Tk log p(k + io); (8.22) 


We used here the fact that p(k) has zero of order ma (0) at the origin. 
Step 3. Trigonometric series for the spectral measure jz. Following [350] we 
shall use that p(k) is a trigonometric polynomial 


p(k) = P(e™), eikt = (et, e, secs gery, 


this case we have: 


+00 1 L3 1 . 
lim => f (2 eee) PAEA) wth 
pp Loi) PEI 


kj-x kj+x b (k —i Ikai 
iL a f” +f (4 ue) p +2) odk 
N0 277i j-x kj+x p(k — ie) p(k + ie) 
S— 
1 fk fe k-i (k +i 
lim Lp (4 ie) p'( 9 ) otk ak 
€\0 \ 277 kj-x p(k — ie) p(k + ie) 


E3 ki+X /p'(k—ie) p'(k+ie) 
2i p(k — ie) p(k + ie) 


) (p(k) veas) , 


ki-x 
where we used that oe = = Eno for k # kj. The first integral can be transformed to an 
integral along a small contour y (kj) around k; and then calculated using residue calculus 


p(kj) p(k) 
k;)\dk = dk = (kj). 
Je j) i yë p(k) y( j) 


1 kj+x (fs p(k +ie) 
2ri kj—x p(k — ie) pík + ie) 


To calculate the second integral we note that Z zo (p(k) — g(k;)) is uniformly bounded, since A 4 2 


has a first order pole at kj and (k) — p(k; we first order zero, and therefore the integral is To 
in the limit. Thus we have 


+00 Ip; ' ; 
lim — | (2% isd PEE) peak = pkj) = öyle 


ex0 27i p(k — ie) p(k +ie) 


Generalisation for the case of several and multiple zeroes is straightforward. 
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coming from the secular polynomial P (z). The secular polynomial, which is non- 
zero inside the polydisk 


N—=DxDx---xD, ={zeC:la <1}, 


can be chosen to satisfy the normalisation condition’ 
P(0O)=1. 


Then log P(z) is uniquely defined by putting log P(0) = 0 and using continuous 
variation along the line {sz}, 0 < s < 1. Itis an analytic function inside DY 


log P2) = È. cnz”, Sze uae (8.23) 


N 
neZ} 


Our goal is to prove that the Taylor coefficients cy are uniformly bounded 
implying that the above series is convergent in the distributional sense. This 
follows from the fact that the logarithm of any analytic function is locally 
integrable over any totally real submanifold in C”—a general fact from the theory 
of functions of several complex variables. Polynomials are analytic functions 
and the unit torus is a totally real submanifold. For multivariate polynomials 
the integral we aim to estimate is related to Mahler’s measures connected with 
the heights of the polynomials (see for example Section 3.2 of [183]).° Instead 
of looking at the geometric properties of the intersections between algebraic 
varieties and the unit torus TY we shall, following [350], use explicit formulas 
for the Taylor coefficients together with the normalisation condition P (0) = 1. 
The Taylor coefficients can be calculated taking the spherical means 


log P (re? )e™™ d0, (8.24) 


Cn 


7 1 
~ (Qrr)N rial Í, 


where we used notation |n| = nı + n2 +---+ ny and integration is over T^ 
corresponding to the distinguished boundary of the polydisk TY = T xT x- - -x 
T. Hence to prove uniform boundedness it is enough to show that log P(re’®) is 
absolutely integrable over TY uniformly for all 0 < r < 1. Note that absolute 
integrability of log P(re’®) for allr < 1 (not uniform) is not enough as r”! in 
the denominator tends to zero as |n| — oo. 


7 Remember that the secular polynomials are treated projectively and P(0) = det(—S) (see (6.4)). 


8 The author would like to thank Jan Boman for pointing this connection out, providing an explicit 
proof and helping to discover the relation to Mahler’s measures. 
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The real and imaginary parts of the logarithm 
log P(z) = In|P(z)| + i arg P (z) 


can be estimated separately. 

To estimate the imaginary part, i.e. arg P(z), we consider the function P(sz) 
which is a polynomial in s of degree at most 2N. The constant term in the 
polynomial is zero and each other term contributes at most x to the argument, 
hence we have 


larg P(z))|<2Nx, zeD, (8.25) 


implying 


f | arg P(re'®))|d0 < rN (2m) NHIN < (2m)t!N. (8.26) 
TN 


The real part, i.e. In| P(z)|, is singular on the distinguished boundary T at the 
zeroes of P(z), but its mean value is zero 


/ In| P(re!)|d0 = Re( f log P(re'®)d8) = Re (@x)" log(P))) =0 
TN TN 


and it is uniformly bounded from above 


In|P(z)| <InK, where K = sup |P(z)|. (8.27) 


zeDN 


Hence it is absolutely integrable 


Í jin pcre! |a0 = f Jin |P(re)| -nK +1nK do 
TN TN 


< -f (in| P(e) + In K)d0 + (27)% In K 
TN 
= 22m)" nK. 
(8.28) 
Summing (8.26) and (8.28) we obtain the r-independent estimate 
f | log P(re!*)| a8 < A27) (nN +InK), (8.29) 
TN 


implying that Taylor coefficients in (8.24) are uniformly bounded: 


len] < 2(@N +n K) =: Cy. (8.30) 
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Here and in what follows C; denote different positive constants. 
We use Taylor’s expansion (8.23) to get 


log p(k + i0) = log P (ei & +O) = > eg Pe) 


neZ 
oo 
=F Y eee, (8.31) 
ma nezi 
|jnj=m 


Every test function g from the Schwartz class S satisfies the estimate 


i C 
| [ eM g(k\dk| < az, C2 = Cr), (8.32) 


therefore we have 


cne Ook dk < m! Cı su pi eD O(k)dk 
| [ S cae g(eydk| < a p| fe ea) 
nez} the number of =SYP lcn] 
[n|=m degree m terms 
N-1 C2 


Ol Grinfle,y 


implying that the series for log p(k) is absolutely convergent. The series can also 
be differentiated termwise. 

Taking into account (8.22) we conclude that the spectral measure is given by the 
series 


a(k) = (2ms(0) — ma(0))d(k) 


1 , ; 
-— | X a8 nett XO mA) coe 
e neZ neZ (8.33) 
1 
= (2ms(0) — ma(O))5(K) ~ — D cn cos (kn - £), 
neZ} 


understood in the sense of distributions. The series converge in the distributional 
sense as each of the two infinite series is a distributional derivative the series for 
log p(k). One can see this directly refining the estimates used above, as it will be 
done below for |â]. 
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Step 4. |Â] is tempered. The Fourier transform of the spectral measure is 


juke) = 2m (0) — ma(0)) — | YO -8 cnd-ne + Y 8) endnce | 
neZ nezZY 


(8.34) 


and we already know that it is a tempered distribution. Then |ĝ| is given by 


[u(k) = |2ms (0) — ma (0)| + > (n-£) |cn|d-n-e + > (n-£) |cn|dn-¢ 
neZ neZ 


(8.35) 


We use the following estimate (similar to (8.32)) valid for any test function from 
the Schwartz class 


C4 
ly(d)| < JNF 


Then we have 


pi D @- HlenleOdl| < Y -Diel pa:D] 


nez neZN 
|n|=m |n|=m 
< mN! msup{ln} Cı suplem.: £)| 
a — ee =“ 
the number of upper estimate ee 
degree m terms forn. £ 
C4 
N-1 
<m m sup{l,} Ci ————__ 
piln} (m infe, }) "2 
C5 
< — 5J’ 
m2 


hence the series for |/z|[g] is absolutely convergent for any test function from S. 
It follows that || is a tempered distribution. 


Part II. Trace Formula 

Step 5. Spectral measure via the trace of the scattering matrices. Note that we 
do not have an explicit formula for the coefficients cn, hence our next goal will 
be to get such formula using periodic orbits on I’. We shall repeat essentially 
the same calculations using instead of the secular polynomials formula (8.8) 
expressing the secular function via edge and vertex scattering matrices. Let 
us remind that S(k) is a product of the edge and vertex scattering matrices 
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S(k) = SSe(k) and S is energy independent. Moreover we use the fact that 


| Slik tie) |< 1, €>0, (8.36) 


since S is unitary and Sg satisfies the same inequality. The spectral measure is 
given by 


Lk) = es — mq (0))5(k) 


yd d | 
eer am F> log det (S(k — ie) — 1) — zg eset ((S(k + ie) — 1)) 


SS ye EALE (Tr A ie (Sk — ie) — 1) 
271 ex0 dk 


d 
-Tr = log (S(k + i€) — 1)) 


o. d se ee , 
= x5(K) + 5 lim (Tr Lr (k — ie) 
[0,6] 
+logS(k — ie) + ` “Sk + ie))) 


m=1 


1 ` m f 
= x5(k) + z (z DEKON o); 


m=— o0 


where we used 


— formula logdet A = Tr log A is valid modulo 2xi for any diagonalisable 
matrix A; 

— the fact that S(k + ie) are diagonalisable being close to a unitary matrix; 

— the series expansion for log(1 + a); 

— the fact that under Tr the matrices may be permuted cyclically. 


Taking into account that S’ (k) = SSi (k) = SSe(k)iD = S(k)iD, where D is the 
diagonal matrix given by (8.12) we see that the distribution u is given by the sum 
of the series 


1 a, 
m= 280) (T 5 S wp). 


m=— o0 


Our next goal is to calculate the trace having a geometric picture in mind. We 
are going to calculate the traces corresponding to each power m separately in 
direct correspondence with formula (8.31), where the Taylor series was summed 
putting together terms having the same degree m. It is reasonable to start with 
small powers. 
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Step 6. Oriented closed paths of discrete lengths 1,2,3. The trace of a 
matrix B can be calculated by choosing an arbitrary orthonormal basis ë; and 
calculating the sum ` j (é;, Bëj). In our case it is natural to choose the standard 
basis of edge incoming waves, so that all except one coordinates of £; are equal to 
zero and the j-th coordinate is just 1. Then every vector ë; is naturally associated 
with one of the edge endpoints. We start by calculating contribution from the first 
few terms corresponding to m = 0, 1, 2. 


m = Q It is trivial to calculate the contribution from the zero term in the series 
TrS°(k)D = TrD = 2L. 
m = 1 We calculate the contribution (21, S(k)Dé,). Let us assume w.l.o.g. that the 


edge [x1, x2] connects together vertices V! and V7. We get S(k)Dé, = 
SS.(k)Deé, by applying the three matrices one after the other: 


> D > S ikla S ; > 

ey => liei + ljeti => ljeti > Sj2êj, (8.37) 
xjeV? 
— 
=} x, Sj2êj 


(see the first three pictures in Fig. 8.1). We denote here by S;; the entry of 
the matrix S corresponding to the transition from the endpoint x; to the 
endpoint x;. The result (21, S(k)Dé) is non-zero only if both endpoints x; 
and x2 belong to the same vertex, in other words if the edge [x1, x2] forms 
a loop (see Fig. 8.2). The contribution is then equal to 


(é1, S()Dé1) = ie" Sh. 


The remaining first order contributions (ëj, S(k)De;), j = 1,2,...,2N, 
are calculated in the same way. Using the discrete length d(y) we have 


TrS(k)D = $` prim (YS y), (8.38) 
yeP 


d(y)=1 


where the product of scattering coefficients Sy(y) coincides with the single 
scattering coefficient on the path and every path coincides with its primitive 
L(y) = €(prim (y)). The summation is over all loops in T. If the graph has 
no loops, then the total contribution from the first term is zero. 
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Fig. 8.2 Edge [x1, x2] forms a loop. Emergence of non-zero contributions 
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Note that each loop contributes twice since we distinguish paths going in 
the opposite direction. For example contributions from the loop presented 
in Fig. 8.2 are 


e815 and ljeti Sa. 


As before we start by calculating the contribution (1, S*(k)Dé,). Assume 
first that the edge FE; does not form a loop, then to calculate the contribution 
we may continue the procedure presented in Fig. 8.1. We need to determine 


Setet D> Sj28)) = Cre D> SoSe; (8.39) 


: 2 e. 2 
xjeV xjeV 


Each vector Seé; is just the vector associated with the opposite endpoint 
of the edge x; belongs to, multiplied by the exponential. For example if 
x3 € V? (as in Fig. 8.1), then 


Sees = ef F264. 
Denoting by V? the vertex x4 belongs to we obtain 
SS.é3 = > Sigel, . 
xpE y3 


The scalar product with é; is non-zero just in two cases: 


e If ĉj in (8.39) coincides with 2 corresponding to the reflection at Vv’. 
Then we have 


S(k)éo = > Sek; > (ey, lek 18 (ker) = £ e718) 1859. 


xjeV! 


This term is always present. 

e Ife; in (8.39) is different from ë, but the corresponding edge is parallel to 
[x1, x2] like the edge [x5, x6] in Fig. 8.1. Using notations from the figure 
we get 


S(s = D> Siset 38; = (61, Cre S(k)és) = Le OF $1 6Ss0. 


xieV! 


This term is present only if there are two parallel edges, i.e. there is a 
closed path of discrete length 2 supported by two edges. 
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Assume now that E; forms a loop, then modifying formula (8.37) we get 


SS.Dé, = fe" $O Sir). 


Xj E€ y! 
The contribution 
(21, SSeSS.De1) 


is non-zero in just three cases: 


e the endpoint x; coincides with x2 with the contribution 
e)6e7*"$11Sp9; 

e the endpoint x; coincides with xı with the contribution 
Le” SS; 


* the endpoint x; belongs to an edge different from E1, say E2, forming a 
loop with the contribution 


lyet CH) S32. 


Summing over all j = 1,2,..., 2N we see that every oriented path of 
discrete length 2 contributes to the trace of S(k)?D. The paths going through 
two vertices or two different edges contribute twice. 

Every edge En not forming a loop determines the unique path yı going 
back and forth along it (see Fig. 8.3a). The contribution from this path 


Fig. 8.3 Different paths of discrete length 2 
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comes from the following two scalar products (e2,_-1, S? (k)Dêzn— 1) and 
(ean, S? (k)Dêzn) and is equal to 
lnet Son 1 2n—182n 2n + lnet? San 2nSon—1 20-1 


= L(prim (y1))e "Sy (y1). 


The corresponding primitive path coincides with yı, hence €(prim (y1)) = 
(yı) = 2,. The product of scattering coefficients is Sy(yı) = 
Son—1 2n—182n 2n- 

Consider now the case, where there is an edge parallel to £n. We denote 
the edge by En+ı and assume Ep and E,+ 1 are oriented in the opposite 
directions (see Fig. 8.3b). Then there are two more discrete length 2 paths 


V2 = (X2n—15 X2n, X2n41,X2n42) and y3 = (X2n+2, X2n41, X2n, X2n—1) 


(marked by cyan and magenta colours respectively) contributing via the 
scalar products 


(€2n—1, S°(K)DEan—1), — (€2n41, S°(K)DE2n+1) 
and 
(€2n, S*(k)Dé2n), (€2n42, S*(K)Dé2n+2), 
respectively. The corresponding contributions are 


Cneiklente ik(En +e 


+ Son] 2nS2n—1 2n-+2 
= €(prim (y2))e t2 $y (ya), 


n+) Son—1 204282041 2n + ln41e 


and 


lpe t Ent ln Son n41 S2042 20-1 + Enp ETD Son 49 an 1820 2041 


= (prim (y3))e*0 S, (y5), 


where £(prim (y2))2£ (prim (y3)) = £(y2) = €(73) = en + £n+1 and 
Sy (y2) = Sant 2nS2n—12n42, and Sy(y3) = S2n4+2 2n—1S2n 2n41- 


Assume now that the edge E,, forms a loop (see Fig. 8.3b), then we have 
the path yı going once back and forth with the same contribution as above 


(prim (ye, (1). 
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Step 7. 
contributions from higher powers of S(k). Our analysis shows that a term 
(é;, S” (k)Deé;) gives a nonzero contribution only if there is a closed path y on T 
with the discrete length d(y) = m passing through the endpoint x;. 

Let us calculate the total contribution from any path y of discrete length d(y) = 
m. Assume that the path is a multiple of the primitive path 
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In addition we have two more oriented periodic paths 


V4 = (X2n-15X2n,X2n-1,X2n) and y5 = (X2n, X2n—1, X2n, X2n—1) 


going around the first loop twice in different directions marked by blue and 
orange colors respectively (see Fig. 8.3c). Each of the paths contributes to 
just one of the two scalar products with 


y4 : (2n—1,S°(k)De2n-1) 
= len S911 2nSon—1 2n = E(prim (ys) eS, (4), 
y5 : (ên, S?(k)Dé2) 
= lne” Son on—1S2n 2n—1 = E(prim (ys) eS, (ys), 
with €(prim (y4)) = €(prim (y5)) = £n; €(72) = (y3) = ln and 


Sv(4) = San—1 2nS2n—12n» Sw(¥5s) = Son 2n—182n 2n-1- 


We also have analogues of the paths y2 and y3 going first along one 
of the loops and returning back along the other one. There are four such 
paths since the loops can be passed in different directions (see Fig. 8.3d). 
We denote these paths by y6, y7, yg, and yo. 

The result can be written as a sum over all periodic orbits with discrete 
length 2 


> e(prim (y))Sy(y el. (8.40) 
yeP 


d(y)=2 


Arbitrary oriented closed paths. We are ready now to look at the 


prim (y) = (Xii Xiz, Xiz» <- -> Xing), Y= R prim (y), 


where the primitive path is formed by Q edges and this path should be repeated 
R times to get y so that m = QR. This path contributes to the scalar products 


(ëi SDa) G=1,2,...,9. 
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If every endpoint x;,,_, appears just once in prim (y), then the contribution from 
each point is equal to the length of the edge to which x;,,_, belongs multiplied by 


e'k€Y) and the product Sy (y) of all vertex scattering coefficients along y. If a cer- 
tain endpoint appears several times, then the above contribution is multiplied by 


the number of times x;,,_, appears in prim (y). Summing up contributions from 


different vertices on the primitive path results in multiplication of Sy (y Jett) 
by the length of the primitive path 


E(prim(y))Sy (vei, 


Summation over all paths of discrete length m leads to 


Tr S"(kK)D = X (prim YSyi., (8.41) 
yeP 


d(y)=m 


Formula (8.20) is obtained by summing over all m and taking into account the 
fact that the contributions from m and —m are complex conjugates of each other. 
The second trace formula (8.21) is obtained via Fourier transform. 


oO 


Formula (8.20) can be modified using summation over primitive orbits, provided 
the graph has more than one edge (is different from I"(1.1) and I(1.2)). 


p(k) = 2ms(0)5(k) + X` (8r, (k) + 8x, (K)) 
Z kn 0 
1 
=x8@)+—+5- Dy eM] 
Y€Porim 


2 Sy(y)(coske(y) — Sy(y)) (842 
— 2 cos k£(y)Sy(y) + S20) 


where Pprim denotes the set of primitive oriented paths, i.e. those oriented paths that 
coincide with their primitives. To prove the formula we note that every primitive 
path y determines a sequence of non-primitive paths: 2y, 3y,...,ny,... Taking 
into account that 


Ea HA Ban (8.43) 
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we see that contributions from the multiples of y form a convergent geometric 
progression since |Sy(y)| < 1° 


D eeprim (nye Siny) = Ye) (eS) 


n=1 n=1 


= ey) eiS, (y) 
SWT iOS y) 


Adding the conjugated contribution we get 


XO prim (ny) eS (ny) + $ (prim (ny ye" Sy (ny) 


n=1 n=l 
2 Sy(v)(cosk€(y) — Sy(v)) 
— 2coskl(y)Sy(v) + S40) 


=t) 


The two exceptional graphs T (1.1) and F (1.2) lead to classical Poisson summation 
formula as shown in the examples below. 


Example 8.5 Consider the segment graph F (1.1) having length £. The spectrum of 


the standard Laplacian is A, = OL n = 0, 1,2,..., hence ms(0) = 1. The 
set of periodic orbits is very simple: every orbit is obtained by crossing the interval 
back and forth n times, so that £(y) = 2én and l (prim (y)) = 2£. 

Substitution into the trace formula (8.20) gives: 


28k) +X (52,(8) + -zn (K) = ô(k) + . + - NO U cos k2en 


n=l n=1 
=> EE: (k) — £ yo gam 
BEA E aae . 
neZ neZ 
The formula takes the simplest form if one choses £ = z 
Ser ye (8.44) 
neZ neZ 


which is nothing else than the classical Poisson summation formula. This formula 
is going to play a very important role in Chap. 10 where crystalline measures are 
constructed (see in particular formula (10.13)). 


9 Here we use that the graph is different from I'(;.1) and I”y.2) and therefore every path crosses 
at least one vertex of degree different from 1 and 2—the scattering coefficients may have unit 
modulus only for such vertices. 
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Example 8.6 Consider now the cycle graph I'(1.2) of length £. The spectrum of the 


standard Laplacian is Àn = (22) n?, n = 0,1, 1,2,2,3... with m,(0) = 1 and 

all other eigenvalues double degenerate. The set of periodic orbits is much more 

complicated: each time one may go along the cycle either clockwise or counter 

clockwise, but reflection coefficients are zero so that Sy(y) = 0 for all orbits that 

contain reflections at the vertex. Hence, it is enough to consider just the orbits going 

m times clockwise or counter clockwise, so that (vy) = £n and l (prim (yv)) = £. 
Substitution into the trace formula (8.20) gives: 


26(K) +2) (82 (k) +821 W) =0-8) + +249 tcosktn, 


gn -4n 
n=1 n=1 


where the second sum is taken twice because single sum counts only periodic orbits 
going in one of the directions. It follows that 


29 522.8) = £ Doete, 


neZ neZ 


One gets formula (8.44) by choosing £ = 27. 


The derived trace formula will be important when applied to inverse spectral 
problems for metric graphs. Let us mention here that this formula is also interesting 
from a pure mathematical point of view, since the distribution w(k) — xôê(k) 
possesses the remarkable property: both the distribution itself and its Fourier 
transform are distributions supported by discrete sets, since both are given by ô- 
functions supported by {=tk,} and +€(P) respectively. One may think about this 
formula as a generalisation of the classical Poisson’s summation formula (8.44). We 
have seen that Poisson’s formula is a special case of (8.20) when F = Ta. or 
Pa.z. IfT is formed by edges with integer lengths, then formulas (8.20) and (8.21) 
can be obtained by just combining a finite number of classical Poisson formulas, 
since the spectrum is (more or less) periodic in this case (see Sect. 24.3). For graphs 
with non compatible edge lengths the spectrum is not periodic and derived formula 
cannot be obtained as a finite combination of Poisson formulas. One may think 
about quantum graphs as quasicrystals (see Sect. 10.2). 


Problem 34 Consider the two isospectral equilateral graphs presented in Fig. 2.11 
(assuming standard vertex conditions). Describe the corresponding sets of periodic 
orbits and verify trace formula (8.20) by showing directly that the series on the right 
hand side of the formula are identical. 
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8.4 Trace Formula for Laplacians with Scaling-Invariant 
Vertex Conditions 


The trace formula can easily be generalised to non-standard conditions at the 
vertices as well as non-zero potential on the edges [93, 94, 455]. The proof 
goes almost without modifications for Laplacians with scaling-invariant vertex 
conditions. 

Two points should be taken into account: 


1. The spectral and algebraic multiplicities of the eigenvalue zero are not given by 
Theorem 8.2 anymore and depend on the vertex conditions. 

2. The scattering coefficients at the vertices are not real anymore and therefore 
contributions from the opposite powers of S(k) cannot be combined together 
as Sy(v) cos k€(y) as is done in formula (8.20). 

3. The Laplacian with scaling-invariant conditions is non-negative as its quadratic 
form is given by the Dirichlet integral without any contribution from the vertices. 


To clarify the first point consider the following elementary example: Let I be 
a compact connected graph with some pendant edges. Let LP be the Laplace 
operator corresponding to Dirichlet boundary condition at the pendant vertices and 
standard vertex conditions at all other vertices. Then the operator LS“? does not 
have zero as an eigenvalue. The algebraic multiplicity of the eigenvalue zero could 
be different from zero. Calculations of the algebraic multiplicity can be carried out 
using essentially the same arguments as before and lead to mg(0) = 1 — x. 

Calculating contribution from the negative powers of S(k) one should take into 
account that the vertex scattering matrices are unitary and Hermitian. It follows that 
if Sy(v) is the product of scattering coefficients along a path y, then the product of 
inverse scattering coefficients along the same path is given by S}(y) = Sy(y). 


Theorem 8.7 Let I be a finite compact metric graph with the total length L and 
let LS(T) be the Laplace operator in La (T) determined by properly connecting 
scaling-invariant vertex conditions at the vertices described by unitary Hermitian 
matrices S”, m = 1,2,...,M. Then the spectral measure (8.19) is a tempered 
positive distribution, such that not only the Fourier transform [1 is tempered but 
also | Ô| is tempered. 

The following two exact trace formulae establish the relation between the 
spectrum {k?} of LS (T) and the set P of closed paths on the metric graph T 


p(k) = 2s (0)3(K) + Y (ôr) (©) + 3x, K) 


kn #0 P 
= (2ms (0) — ma (0))ô (k) + z (8.45) 


1 . i =i 
oo 2 DS + SK), 
r 
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Fig. 8.4 Composed graph r2 yl v3 
y2 
and 
fl) = 2m, (0) + x 2cos kyl 
kn #0 
= 2m; (0) — ma (0) + 2L8(1) (8.46) 
+ > prim (7) (Sv7)8eqD + SO). 


yeP 


where 


e m;(0) and m,(0) are spectral and algebraic multiplicities of the eigenvalue zero; 

¢ P is the set of all closed oriented paths on T; 

e €(y) is the metric length of the closed path y; 

e prim (y) is the primitive path for y; 

e Sy\(y) is the product of all vertex scattering coefficients along the oriented path 
y. 


One may generalise the derived trace formula by including not scaling-invariant 
vertex conditions [93, 94] or potentials on the edges [455]. 


Isospectral Laplacians on Two Edges Consider the metric graph I2 formed by 
two edges of length 2/2 connected at one common vertex V? (see Fig. 8.4). The 
remaining two vertices are V! and V°. 

The vertex V? has degree two and we assume there the most general scaling 
invariant vertex conditions given by any Hermitian unitary 2 x 2 matrix S2. Every 
such matrix has the form: 


/ Zid 
S2(a, 6) = (ae ees l D Í ) , aé€[-1,1],6@ € [0, 27). 
We assume Neumann conditions at V! and V? and denote the corresponding 
Laplacian by L(a, 0). 

It turns out that the operators L(a, 0) are isospectral, in particular all operators 
from the family are isospectral to the Neumann Laplacian on the single interval of 
length 2— the operator L(0, 0). Trace formula (8.45) will help us to understand the 
reason for isospectrality. 

In the proof of Theorem 8.7 it is shown that the spectral measure u(k) may be 
calculated via the formula 


1 ae 
wk) = x5(k) + 5— (r Ps on) , (8.47) 


n=—Oo 
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where S(k) = SSe(k). The matrices S, Se(k),S(k) and D are 


1 0 0 0 0 ek o 0 
s- 0 a vi-a oj ere o0 0 0 
Jos =æ? -a o°] o0 0 0 ¢t/2k 
0 0 0 1 0 0 ek o 
0 eit /2k 0 0 
S(k) _ ae . 0 0 /1 T a?e’? e'7/2k peti 
A _ aZe? eit/2k 0 0 —qeit/2k 3 eed 
0 0 eit /2k 0 


in particular implying Tr(S(k)D) = 0. Elementary calculations imply 


0 0 V1 — aei? 
0 a V1 —a2e!? 0 
a 


S2(k = ink , 
r= 0 VJI- aei? a 0 


and Tr(S*(k)D) = 0, whereas 
g4 (k) = eink 


and Tr(S*(k)D) = 2me7!7*, 

We are ready to calculate the sum (8.47) over all closed paths. Only paths of 
discrete length 4n, n € N determine a non-zero contribution Qn e2™kn which is 
independent of a and 0. Hence the operators L(a, 0) are isospectral. 

We shall return to this graph in Example 14.14. 
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Chapter 9 A 
Trace Formula and Inverse Problems Ghegkfor 


9.1 Euler Characteristic for Standard Laplacians 


Our aim in this section is to establish an explicit formula allowing one to calculate 
the Euler characteristic of the metric graph directly from the spectrum of the 
standard Laplace operator. Formula (8.21) shows that the Euler characteristic is 
determined by the spectrum alone: the left hand side is defined by kn, whereas the 
right hand side is a sum of x, a delta function at the origin and a series containing 
delta functions with the supports at the lengths of periodic paths. It is clear that the 
lengths of periodic paths cannot be small—each path contains at least one edge, and 
therefore the constant term x is uniquely determined. 

The main idea how to get an explicit formula is to apply (8.21) to a test function 
with the support on the interval [0, min ee aly Since we do not know the exact 
length of the shortest edge a priori, we are going to consider a sequence of test 
functions having smaller and smaller support. 


Theorem 9.1 Let T be a compact metric graph and L* (T) be the standard Laplace 
operator. Then the Euler characteristic x (T) is uniquely determined by the spectrum 
{An} of the Laplacian L*(T) 


sink, /2t\? 
kn%O 
(9.1) 
1 —2cosk,/t n/t 
= 2ms(0) — 2 lim > cos nl — nft 
> 
OO nO (n/t) 
where kn = Sdn > 0. 
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Fig. 9.1 The test function 
g(t) 


Proof Our proof is based on the trace formula (8.20). The idea is very simple: find 
a test function g such that [vy] = x. Then u[ĝ] is also equal to x and provides the 
desired formula connecting x and the spectrum. 

Consider the function @ defined by (Fig. 9.1) 


£, 0<£<l; 
pll)=42-£,1<£ <2; (9.2) 
0, otherwise. 


This function and any scaled function g; (x) = ty(tx) are normalised as: 


+00 
i p(x)dx = 1. 


—0o 
To get the Euler characteristic we need to scale the test function so that 
min{l;} > 2/t 


holds. When applying À to the test function g(x) the contribution from all delta 
functions is zero and we have 


xT) = lim Âlorl, (9.3) 


where we used the limit as the length of the shortest edge may be unknown. 
To calculate u[ĝ] we need the Fourier transform of the test function 


l ink/2t\* 
ži W= ik/t sin f 
(k) =e (F 
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0 T 


Fig. 9.2 Single interval graph T (1.1) of length x 


Applying the spectral measure u to the Schwartz test function @; we obtain 


x) = lim Âl] 
t—+00 
= lim [ĝl 
t—+00 N 
i sink, /2t 
= 2ms(0) + 2 im > cos kn /t (Fe 
kn #0 
The second formula (9.1) follows from elementary trigonometry. oO 


Weyl asymptotic law (4.15) implies that k, grow linearly with n and therefore the 
series in (9.1) is absolutely convergent. But the limit and summation signs cannot 
be exchanged. In fact there is no necessity to take the limit in formula (9.1): it is 
enough to consider sufficiently large values of t. The series is equal to a constant for 
all t > 2/min {£j}. This is another interesting feature of the derived formula. 

In Chap. 24 we are going to provide an alternative proof of the formula for Euler 
characteristic for equilateral graphs [333]. That proof does not use the trace formula 
and is based on the fact that the spectrum of the standard Laplacian on a metric 
graph with integer lengths is periodic in the k-scale. 

It might be interesting to understand relations of the derived formula to indices 
of differential operators following [230]. 

We would like to present a few explicit examples illustrating formulas (9.1). 


(1) Single Interval 

Let the graph coincide with the interval [0, x ] (with separated endpoints) (Fig. 9.2). 
The Euler characteristic is x = 1. The spectrum of L''((1.1)) is E(L) = (n2,n = 
0,1,2,...}. Substituting kn =n, n = 0,1, 2,... into formula (9.1) we get 


[0.0] 
: 1 —2cosn/t + cos 2n/t 
x jim, 2 Ie 04 


where we used 


X 1—2cosn/t+ cos2n/t = 1 (9.5) 
(n/t)? 2 


n=1 


This formula can be proven using the sum ((1.443.3) from [245]) 


COS NX H TUX X 
pa = aren [0, 27] 
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Fig. 9.3 Simple circle graph 
Ta.z of length x 


On 
leading to 
oo 1 oo 2 
l — 2cosn/t + cos2n/t _ one cosn= 
p a (yt 25 Sha SS 
n=1 n=1 
_pfe_f(@ zl 11l Pea z2 14})_1 
~ l6 6 2t 4r 6 2t 4P) 2° 
(2) Simple Circle 


Let the graph be the circle F (.2) having length 7, i.e. it can be treated as the interval 
[0, x] with the endpoints identified (Fig. 9.3). The Euler characteristic is x = 0. 
The spectrum of L* Taz) is È(L) = {(2n)?, n=0,1,1,2,2,...}. Substitution 
kn into formula (9.1) gives 


[0,6] 


E ae y 1 — 2 cos 2n /t + cos 4n/t 
t> (2n/t)? 


=2-2=0, (9.6) 


n=1 
where we again used formula (9.5). 


(3) Equilateral Star Graph 

Let I be the star graph formed by m equal edges of the length x joined at one 
endpoint (Fig. 9.4). The Euler characteristic is x = 1. The spectrum consists of 
simple eigenvalues n?,n=0,1, 2,..., and eigenvalues (1/2+n)’, n=0, 152,45. 
having multiplicity m — 1. The formula (9.1) gives then 


—2cosn/t + cos 2n/t 
x= 2-2 lim Ta a? 
— 2cos(n + 1/2)/t + cos2(n + 1/2)/t (9.7) 
((n + 1/2)/t)? 


n=1 
~2(m — 1) lim D, 


=2= 1 = 0], 


where we used formulas (9.5) and (24.41) (see Chap. 24). 
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Fig. 9.4 Equilateral star 
graph 


Formula (9.1) requires knowledge of all eigenvalues of the standard Laplacian 
which is impossible in practice. In order to reconstruct the Euler characteristic from 
a finite number of eigenvalues one may use the following observations: 


e The Euler characteristic x is an integer, hence it is enough to calculate it with the 
accuracy less than 1/2. 

e There is no need to take the limit in formula (9.1), which holds exactly for any 
sufficiently large t > tọ = 2/ min{€ ;}. 

e For any fixed ¢ the terms in the series satisfy a uniform estimate containing a 
certain negative power of n, hence it is easy to estimate the tail of the series. 


Then for a sufficiently large t choose any K so that the reminder in the series is 
less than 1/2. This idea has already been implemented to determine experimentally 
the Euler characteristic of microwave networks without inspecting the network 
visually [364, 365]. Our common work seems to be a good example of collaboration 
between mathematicians and applied scientists, since it appeared that the original 
formula (9.1) requires knowledge of too many eigenvalues, not detectable in 
practice. Formula (9.1) was modified by using a certain continuously differentiable 
test function instead of given by (9.2). The corresponding formula has a better 
convergence and therefore requires a smaller number of eigenvalues. It is enough 
to know about 30 lowest eigenvalues to determine Euler characteristic of simple 
graphs. Mathematical description of the method can be found in [367]. It happens 
not so often that a mathematical formula can be checked through an experiment. 


Problem 35 Check calculations leading to formulas (9.4,9.6,9.7). What is the 
smallest value of ¢ that can be taken to get precise value of x? 


Problem 36 Let I’ be a connected graph without loops. How can one determine the 
length of the shortest edge from the spectrum of the standard Laplacian? 
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9.2 Euler Characteristic for Graphs with Dirichlet Vertices 


Assume that the Laplacian on a graph I is determined by standard and Dirichlet 
conditions at the vertices. It is enough to assume that Dirichlet conditions are 
introduced at degree one vertices only, hence let us denote by Mp the number of 
Dirichlet vertices. We are interested in recovering the Euler characteristic of the 
graph from its spectrum generalising formula (9.1). It is clear that the number of 
Dirichlet vertices Mp should be involved since we have examples of isospectral 
graphs having different Euler characteristic (see Fig. 2.10), hence formula (9.1) has 
to be modified. The main reason is that formulas for the spectral and algebraic 
multiplicities need to be revised. Let us prove a counterpart of Theorem 8.2 
assuming for simplicity that the graph is connected. 


Theorem 9.2 Let T be a finite compact connected metric graph with Euler 
characteristic x, and let L*P (T) be the Laplace operator defined by Mp > 1 
Dirichlet conditions at some degree one vertices and standard conditions at all other 
vertices. Then the spectral and algebraic multiplicities of à = 0 are 


ms(0) = 0, (9.8) 


i.e. à = 0 is not an eigenvalue; 


ma(0) = -x + Mp. (9.9) 


Proof To prove that à = 0 is not an eigenvalue for Mp > 1 assume that y is the 
corresponding eigenfunction, then it holds 


0= (p, L* yy = [ IW! @)Pdx 


implying that y is a constant function on each edge. Taking into account standard 
conditions! and connectivity of the graph we conclude that y is constant on the 
whole I’. If Mp > 1, then the function is identically zero. 

Let us turn to the algebraic multiplicity. We are going to modify the proof of 
Theorem 8.2. We again introduce the vectors of amplitudes A, B. The relation given 
by S7 (0) is the same and formula (8.13) is preserved 


42n—1 = ban and ag, = byn-1, n=1,2,...,N, 


' Tt suffices to take into account continuity only. 
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while formula (8.14) 


ai +bi =aj+bj, xi xj € V”, 


X` (aj-b;j)=0, 


xjev™ 
holds for standard vertices only and has to be modified for Dirichlet vertices as 
ai +b; = 0. 


Eliminating coefficients b; using the first relation we get the new system of linear 
equations 


a2i—1 + Mi = 0, i=1,2,...,N 
2 (ai — aj-(-1)i) = 0, V™ is a standard vertex; (9.10) 


i:xjeV™ 


where we have taken into account that Mp > 1 implying that at least one, and hence 
all, of a2;—1 + ay; is zero. 

With every edge E„ we associate the flux fn = don—1 — azn as before. Then 
conditions at standard vertices can be interpreted as the sum of fluxes is zero there. 
Dirichlet vertices determine no conditions on the fluxes. Let us construct basic 
fluxes: 


e each independent cycle in I determine the flux F” described in the proof of 
Theorem 8.2; 

e each two Dirichlet vertices V’ and V/ determine the flux F;, j Supported by the 
shortest path connecting the vertices. 


Let F be any flux supported by IF and satisfying conservation conditions (9.10) 
above. We denote by E,,n = 1,2,..., 6; the edges on the independent cycles 
whose deletion turns I into a tree T. For each Dirichlet vertex V",m = 
1,2,..., Mp let us denote by Fg, +m the corresponding degree one edge. Then the 
flux 


Bi Bi +Mp-1 
F-X FEn)F"-— > FUE) Fim 
n=l n=f,+1 
Bi+Mp-1 


is supported by the tree T \ {En}, By +1 with one Dirichlet vertex. Note that in 


the last sum we use fluxes between the Dirichlet vertices V!,..., VMP! and the 
Diriclet vertex VMP., As before any such flux is identically zero. We have proven 
that the number of independent fluxes is 6; + Mp — 1, which accomplishes the 
proof. o 
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It is now straightforward to generalise Theorem 9.1 allowing Dirichlet vertices: 


Theorem 9.3 Let T be a compact connected metric graph and L*®P(T)be the 
Laplace operator defined by Mp > 1 Dirichlet conditions at certain degree one 
vertices and standard conditions at all other vertices. Then the Euler characteristic 
x (T) is uniquely determined by the spectrum {in} of the Laplace operator LP (T) 


sin kn /2t ) 


a (9.11) 


x = Mp +2 lim J coskn/t ( 
kn 
where kn = V Àn > 0. 


Proof Repeating the proof of Theorem 9.1 but using trace formula (8.45) for 
scaling-invariant vertex conditions we obtain 


, sin kn /2t\7 
2m;(0)— ma(0) =2 im Y eoste/t (TE) 
=0 —-x+Mp ý 


leading to (9.11). o 


The above formula shows that two isospectral graphs with Dirichlet and standard 
vertices have a common value 


x— Mp. 


We check this in the case of isospectral graphs presented in Fig. 2.10. Their Euler 
characteristic and number of Dirichlet vertices are (1, 2) and (0, 1) respectively: 


1-2=0-1. 


Problem 37 Is it possible to find examples of isospectral graphs with (x, Mp) 
equal to (1, 1) and (0, 0)? 


Problem 38 Formulate and prove analogues of Theorems 9.2 and 9.3 for not 
necessarily connected graphs T. 


Problem 39 Consider the case of arbitrary scaling-invariant conditions at the 
vertices. Study possible values of the spectral and algebraic multiplicities. (Paper 
[347] might help.) 


Formula (9.11) can be proven directly using symmetry arguments. Let us double 
the graph by adding to I’ another copy of the same graph and gluing them by joining 
pairwise the former Dirichlet vertices vi, i = 1,2,...,Mp introducing there 
standard conditions. Let us denote the metric graph obtained in this way by T2. 
This graph is symmetric with respect to the exchange of the respective points on the 


9.3 Spectral Asymptotics and Schrödinger Operators 217 


two copies of I’. Hence all eigenfunctions and the spectrum can be divided into two 
classes: 


e symmetric eigenfunctions satisfying Neumann (i.e. standard) conditions at V', 
i=1,..., Mp, giving the spectrum of the standard Laplacian 5(L“(I)); 

e antisymmetric eigenfunctions satisfying Dirichlet conditions at V’,i = 
1,2,..., Mp, giving the spectrum of X(L*P(L)). 


Let x be the Euler characteristic of T, then 2 has 26; + Mp — 1 independent cycles 
and its Euler characteristic is 


2x — Mp. 


Applying formula (9.1) to standard Laplacians on T and T% we get 


sin kn /2t | 


2x — Mp = 2 lim > cos kn/t ( i,/2t 


kže E(L*(T2)) 
sin kn /2t\? 
=2lim `  cosk,/t m 
t>0o ky /2t 
kpeX(L*(P)) 
“nk 


2 Ii skoel Emne 
+2 lim J,  coskn/ ( Ken /2t 
ke X(L*P(P)) 


sink, /2t \? 

= 2 lim cos k,, /t | —————_ | , 
X ae. 2 n/ ( i, /2t 

ke X(LN(L)) 


where X (L) denotes the spectrum of L. Elementary calculations imply (9.11). 


9.3 Spectral Asymptotics and Schrödinger Operators 


9.3.1 Euler Characteristic and Spectral Asymptotics 


In this section we are going to show that the Euler characteristic is determined 
entirely by the asymptotics of the spectrum. The limit of each term in the series 
(9.1) does not depend on kn 


. L—-2cosk,/t + cos 2k,/t 
lim = 
t>0o (kn /t)? 


Taking this into account it is clear that changing any finite number of eigenvalues 
does not affect the limit (9.1). We are going to prove that the same is true even if the 
number of perturbed eigenvalues is infinite, but the perturbation is relatively small. 
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Let us denote by (k8)? the spectrum of the Laplacian and by ke its perturbation. 
Then the following Lemma shows that if the perturbation is small in the sense that k? 
and k, possess the same asymptotics, then substituting the perturbed sequence into 
formula (9.1) one obtains the correct value of x. This result can be used in numerical 
computations, but it has another important implication: as the perturbed sequence 
one may take the spectrum of the Schrödinger operator on the same metric graph 
provided the potential is sufficiently regular. This implication will be discussed in 
the following subsection. 


Lemma 9.4 Letk, and ko be two real sequences satisfying the following conditions 


1 
kn» —k° =O G) i (9.12) 
n 
TT 
kn = 7" + 01), (9.13) 


(Weyl’s asymptotics), then the following two limits coincide 
= sin ky /2t sink? /2t 
. g n ss 0 
jim) 2 cos kn /t (= ) = im. 3 cos k, / (Se 1/21 ) . (9.14) 


Proof Without loss of generality we assume that £ = x. It will be convenient to 
write estimates (9.12) and (9.13) in the form 


1 
kn —k°| < A-, |kn —n| <B, |ko—n| <B, n=1,2,..., (9.15) 
n n 
n 


with certain positive constants A and B. In addition we shall use the following 
notations 


sink,/2t\* o o, (sink /2t 
Ay (t) = cos k,/t (F) 4 a, (t) = cos k,,/t — . 


To prove the Lemma we are going to establish two estimates which will be suitable 
for terms with small and large indices respectively: 


Estimate 1 (Suitable for Small Values of n) 


la, (¢) a @) < CTY eels (0.16) 


where C is a certain positive constant C > 0. 
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Consider the function 


1, a=0. 
The derivatives of f are 
j . sina \? sina œ cos œ — sina 
f (œ) = —2 sin 2a + 2 cos 2a 7 ; 
a a a 
sina \7 . sina a cosa — sina 
f (a) = —4 cos 2a — 8sin2a 5 
a a 
a cosa — sina \? 
+2 cos 2a ——— 
a 
sina —a sing — 2a cosa + 2sina 
+2 cos 2a 


a i 


and we see that f’(0) = 0 and f” (œ) is uniformly bounded. Hence Taylor’s formula 
gives 


a? 
f(a) — f0) — fO = Pes 
and therefore 
1 A 2 
If (@@)-— 1| < zmax | f (a)|a*. 
This implies that 


(n+ B}? 


1 
lan (0) — 1] < 5max |f” 


and similar estimate (9.16) for the difference |a,(t) — al(t)| with C = 
Imax |f” (œ). 
Estimate 2 (Suitable for Large Values of n) 


E o E D—"——, is B, (9.17) 


where D is a certain positive constant D > 0. 
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To prove the estimate we use that the function œ? f’ (œ) is uniformly bounded. Using 
the first mean value theorem we get 


Gn(t) — an(t) = f (kn/2t) — f Kn/2t) = F En) kn /2t — kn /2t), 


where é, satisfies the same estimate as kn and k? (see the second and third estimates 
in (9.15)) 


lEn —n| < B. 


For n > B, it follows that 


1 t 
A <D 
(42)? 2nt ~  (n— B)3 


lan (t) — a2(t)| < max |a? f’(@)| 


with D = 2A max læ? f! (Œœ), which is exactly estimate (9.17). 
To prove (9.14) we need to show that the following limit equals zero 


kn (2t in (2 \” 
jim, 2 cos kn /t (= n ) — cos k? /t (So) 
n 


= lim >, lan (t) — a? (0). (9.18) 
n=1 


Let us split the infinite series into the finite sum of the first K elements and the 
remaining infinite series as 


To prove that the limit is zero it is enough to show that for any € > 0 there exists 
to = to(€), such that for any t > toọ(€) the number K = Ke, t) can be chosen in 
such a way that both the finite sum and the series are less than €/2. 

We estimate the summands using (9.16) and (9.17) as 


K K 2 3 
(K +B) (K + B) 
Y lant) = aO < oo rr 
00 ò = t D t 
5 jan (t) —a,(t)| = D P = B)3 = 2 (K — B)? 


n=K+1 n=K+1 
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Each of sum is less than €/2 if the following two inequalities are satisfied 


eN Dt 
K (e,t) < | — —B and K¢e,t)>,/—-+B. 
2C € 


Hence the series in (9.18) is less than € if 


For any € > 0 there exists tọ, such that for any ft > tọ the last inequality is satisfied 
and it is possible to choose integer K (e, t), such that both the finite and infinite sums 
are less than €/2. For such t we have that the infinite series in (9.18) is less than €. 
It follows that the limit in (9.18) is zero. oO 


9.3.2 Schrödinger Operators and Euler Characteristic of 
Graphs 


Let q be any essentially bounded real potential and let La) be the corresponding 
standard Schrödinger operator, then the difference between the eigenvalues is 
uniformly bounded 


ke — (ke)? = O(), (9.19) 


as the Schrödinger operator is a bounded perturbation of the Laplacian. The same 
estimate will be proven in Chap. 11 assuming that the potential is just absolutely 
integrable (see (11.32)). Also the estimate (9.19) for not essentially bounded 
potentials will be justified later. Therefore in the following theorem we are going 
to assume that the potential is from Lı (1). 

We are able to prove now that the formula for Euler characteristic (9.1) gives 
the correct result, provided the spectrum of the Laplacian is substituted with the 
spectrum of the Schrödinger operator. 


Theorem 9.5 Let T be a finite compact metric graph and q be a real valued 
absolutely integrable function on T. Let L*(T) and Le ) be the standard Laplace 
and Schrodinger operators. Then the Euler characteristic x (T) of the graph T 
is uniquely determined by the spectrum i,(S) of the operator Le and can be 


calculated using the limit 
o0 sin ,/Àn (L3)/2t 
xT) = 2 lim ae cos ,/An(L3)/t | ——————_] , (9.20) 
ee 0 An (Lit) /2t 
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where we use the following natural convention 


sin Am (Lg) /2t 
An = 0 > ———— _ = 1. (9.21) 
Am (LG) /2t 


Proof The estimate (9.19) together with the Weyl asymptotics (9.13) imply that 


1 
in -K = 0(<). 


and Lemma 9.4 can be applied. It follows that 


oo i 2 oo > 10 2 
. sin kn /2t pu 0 sink,,/2t _ 
lim, Deostas (Sra) = jim, Do costn/t a ) = % 


where we used (9.1) on the last step. The introduced convention allowed us to 
remove ms (0) from the formula for Euler characteristic of the Laplacian. o 


Note that the limit cannot be substituted with considering t > TR as can be 
done for Laplacians. 

Theorem 9.5 together with Weyl’s asymptotics (4.25) imply that two Schrödinger 
operators on graphs may have the same spectrum only if the underlying graphs have 
the same total length and Euler characteristic, in other words, if the graphs have the 


same size and complexity. 


Uniqueness Theorem 9.6 Let the metric graphs T, and V2 be finite and compact 
and let the corresponding real potentials qı and q2 be absolutely integrable. Then 
the corresponding standard Schrödinger operators Lq; (Tj), j = 1,2, have close 
spectra 


àn (La TD) — An (La C2)) = 00) (9.22) 


only if the metric graphs have the same 


¢ total length; 
¢ Euler characteristic. 


Proof Condition (9.22) together with the Weyl asymptotics (4.25) imply that the 
metric graphs I"; and T2 have the same total length. 

To show that the graphs have the same Euler characteristic one repeats the 
arguments used in the proof of Theorem 9.20. oO 
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9.3.3 General Vertex Conditions: A Counterexample 


Obtained results can be extended to the case of most general vertex conditions. This 
problem appears to be more sophisticated than it may be expected. The main reason 
is that the vertex scattering matrix in general is not energy independent but tends to a 
certain limiting matrix S,(oo). The limiting matrix in its turn corresponds to certain 
symmetric vertex conditions, but these conditions may be incompatible with the 
connectivity of the original graph I. In other words these new vertex conditions may 
not connect all edges joined at a vertex despite the fact that the original conditions 
(corresponding to the energy dependent scattering matrix) do connect all these edges 
together. 

Let us study the following elementary example. Consider the interval [—z, zr] 
turned into circle by joining together the end points —z and x with the help of the 
following vertex conditions 

| y(r) = =p (+r), (9.23) 
Ya) = —3r y(r); 


which are obviously properly connecting, i.e. connect together the boundary values 
of the functions from both endpoints. The corresponding vertex scattering matrix 


S,(k) = I— ikB 
Y7 I+ikB 
; 0 —1\. . : : p : 
with B = 10 is irreducible, but it tends to the unit matrix Sy(co) = I 


as k — oo. The vertex conditions corresponding to Sy(k) = I are just Neumann 
boundary conditions 0,w(+7) = 0 = 0,w(—7), which are obviously reducible: 
the two endpoints are not connected to each other. Therefore it is natural to call 
the vertex conditions (9.23) by not asymptotically properly connecting. If the vertex 
conditions are not asymptotically properly connecting, then the asymptotics of the 
spectrum is determined by the Laplacian not on the original graph I, but on a certain 
new graph I’ obtained from I by chopping some of the vertices. In other words 
spectral asymptotics is determined by a different topology. 

We illustrate this idea by calculating the spectra of the operators appearing in 
the example under consideration. Let us denote by L the second derivative operator 
=i defined on the functions from Weim, x] and satisfying vertex conditions 
(9.23). These vertex conditions can be written as follows using the derivatives with 
respect to the variable x € [—z, 7] 

f 
| Yr) = WG), on 
y (=r) = =Y). 
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It is easy to see that the vertex conditions are invariant under the change of the 
coordinate x +» —x and hence the operator L commutes with the symmetry 
operator Py (x) = w(—x). Therefore all eigenfunctions of L are either even or odd. 
The dispersion equations for even and odd functions can be obtained by substituting 
the Ansätze Ws (x) = cos kx and Ya(x) = sin kx into the vertex conditions 


1 
tank’ax = ——; (9.25) 
ks 
k'r = : 2 
cotk“m = =a (9.26) 
The eigenvalues satisfy the following asymptotic conditions 
1 2n+1 1 
k =n+0(-), k= S +0), n=0,1,2,..., (9.27) 
n n 


where Gy and (k2)? denote the eigenvalues for even and odd eigenfunctions 
respectively. These eigenvalues are asymptotically close to the eigenvalues (k80)? = 


2 
(n)? and (k20)? = (=+) for the Laplace operator on the interval [—z, zr] (with 


Neumann boundary conditions at the endpoints Y (—r) = 0 = y (x)). 
Substituting the spectrum of the operator L into the formula (9.20) one obtains 
the Euler characteristic of the interval, not of the circle 


in kn /2t ink? /2t 
lim cos ky /t (Ge) =lim © cose /t (“Ea =], 
t—>00 nee ky /2t FP aes ai k8 /2t 
(9.28) 


where we used Lemma 9.4. It follows that formula (9.1) in general is not valid for 
Schrödinger operators on graphs with general (Hermitian) vertex conditions. 


9.4 Reconstruction of Graphs with Rationally Independent 
Lengths 


Formula (8.21) can be applied to solve the inverse spectral problem in the very 
special case of graphs with edges having rationally independent lengths.? Our 
studies will again be restricted to the case of standard Laplacians. Such operators are 
uniquely determined by the underlying metric graphs and therefore the correspond- 
ing inverse problem is equivalent to the problem of recovering the metric graph T 


? See precise definition below. 
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from the spectrum of the Laplacian L*'(T). In this section we follow our paper [346] 
inspired by Gutkin and Smilansky [252]. 

Note that this reconstruction is not possible for graphs having vertices of degree 
two. The two edges connected at such vertex can be substituted with the single edge 
of the length equal to the sum of the lengths. This is because standard conditions at 
a degree two vertex imply that the function and its first derivative are continuous at 
the vertex. 

The set L of lengths of all periodic paths for a metric graph F is usually called the 
length spectrum. This is a set of positive real numbers all being linear combinations 
of the lengths £, of the edges with coefficients being natural numbers. But not all 
such linear combinations are present in L, since not all edges are connected to each 
other directly. 

We are going to assume that the lengths of the edges are rationally independent, 
i.e. if the equality 


N 
yo =0 


n=1 


holds with certain rational a, € Q, then all a, are necessarily equal to zero. 
This assumption is very important, since we already know that even trees cannot 
be reconstructed from the spectra of their Laplacians, unless extra restrictions are 
imposed (See Sect. 2.2 (Problem 6)). If the lengths are rationally independent then 
knowing the length £(p) of a periodic path we know which edges this path comes 
across and how many times, of course provided we know £n. Hence our first task 
should be to recover the lengths of edges. 

Looking at formula (8.21) one may get the impression that the lengths of all 
periodic paths can be recovered directly as the (positive) points supporting the delta 
functions 4¢(p). But one should pay attention to the fact that complicated graphs may 
have several periodic paths with precisely the same lengths. Then contributions from 
all such paths may cancel each other out. 


Example 9.7 ([410]) Consider the graph presented in Fig. 9.5 with the lengths of 
edges indicated. There exist precisely six periodic paths with the length 2£1 + £2 + 
£3 + €4 + €5. These paths are indicated on the lower part of the figure. For each 
closed curve there exists precisely two paths that run along it in opposite directions. 
We assume that the vertices V? and V^ have arbitrary degrees dz and d4 and the 
degrees of the vertices V! and V? are equal to 3. Then the product of scattering 
coefficients for the left path is 


4 3 1 3 2 1 Zac ale A ~ 
T(VA-T(V)R(V T(V) T(V T(V )= z3" > 3b 3 = 81 dod” 


Here the scattering coefficients are taken from formula (3.40) determining the vertex 
scattering matrix for standard vertex conditions. The central path gives the same 
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Fig. 9.5 Periodic paths of length 2d) + dz +d3-+d4+ds5 © Marlena Nowaczyk. Reproduced with 
permission 


contribution, whereas contribution from the right path is 


222222 64 1 


EOE EOE WIV OE a ae a 


Then the total contribution from all six paths is given by 


X L(prim(y))Sy(y) 
YEP 
L(y )=2Li +la+l3t+latls 


= 22d + da + ds + da + ds) ( 


32 32 n 64 \ | 
21dod4.— ZVIdady 2Tdady ) 


It follows that formula (8.21) contains no delta function supported at £ = 2; + £2 + 
(3 + l4 + £5. 


We believe that the constructed example is the simplest one, since any such 
example should contain paths with reflections—paths without reflections always 
lead to positive scattering coefficients. But it might be interesting to find an even 
simpler example. 


Problem 40 Construct your own example of a metric graph with periodic paths 
giving zero contribution to the right hand side of trace formula (8.21). 
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Having the presented example in mind let us introduce the notion of reduced 
length spectrum L’ C L defined as 


V=: Ð pimss) #0). (9.29) 
yeP 
ty) =t 


The following Lemma proves that the reduced length spectrum always contains 
the shortest periodic paths associated with an edge or a pair of neighbouring edges. 


Lemma 9.8 LetT be a connected finite metric graph without degree two vertices 
and with rationally independent lengths of edges. The reduced length spectrum L/ 
contains at least the following lengths: 


-+ the length of the shortest path formed only by a certain edge Ej (i.e. €; or 2€; 
depending on whether E; forms a loop or not); 

¢ the length of the shortest path formed only by a certain pair of neighbouring 
edges Ej and Ex (i.e. 2(€; + £k), Lj +2€x, Lj + £k, Lj + £r depending on how 
these edges are connected to each other). 


Proof The two assertions will be proven separately by considering all possible 

cases. Let us first note that if a periodic path of a length £ is unique, then the 

coefficient in front of the delta function 5¢ is always different from zero, since the 

product of scattering coefficients is always different from zero (the graph is assumed 

to contain no degree two vertices). The same holds true if there are several paths of 

the same length, but the corresponding products of scattering coefficients are equal. 
Consider first the case of a single edge E ;. Possible cases are: 


° Ej; forms a loop. 
There are two periodic paths of length ¢; running along the loop in opposite 
directions. The corresponding products of scattering coefficients are equal and 
therefore £j is in L’. 

° Ej; connects two different vertices. 
There is a unique path? of length 2¢; and it is present in the reduced length 
spectrum as explained above. 


Let E; and Eg be two neighbouring edges, consider all possible ways they are 
connected to each other: 


° The edges Ej and Ex have one common endpoint. 
The shortest path has length 2(£; + €,) and is unique and therefore its length is 
in the reduced length spectrum. 

° The edge E; forms a loop connected to one of the endpoints of Ex. 


3 The path running in the opposite direction coincides with the original one. 
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There are two shortest paths of length £; + 2€,. The corresponding products of 
scattering coefficients are equal. Hence £; + 2¢, belongs to L’. 

° Both edges E; and Ex form loops connected at one vertex. 
There are four paths having length £; + £x but the coefficients are again equal 
and therefore £; + £x € L’. 

* The edges Ej and Ex form a double edge. 
There are two paths of length ¢; + ék with equal products of scattering 
coefficients. It follows that £j + €% € L’. 

oO 


We are now going to show that the knowledge of the reduced length spectrum 
together with the total length of the graph is enough to reconstruct the graph. The 
first step in this direction is to recover the lengths of the edges from the total length 
of the graphs and the set L’. The following result can be proven by refining the 
method of Gutkin-Smilansky [252]. 


Lemma 9.9 Let the lengths of the edges of a finite connected metric graph T 
without degree two vertices be rationally independent. Then the total length L of 
the graph and the reduced length spectrum L’ (defined by (9.29)) determine the 
lengths of all edges independently of whether these edges form loops or not. 


Proof The set L’ is infinite, but we are interested in reconstructing N rationally 
independent lengths £,. Therefore it is wise to restrict our consideration to a smaller, 
even finite, set containing for sure the lengths of all shortest paths described in the 
previous lemma. For example if we take all periodic paths with the lengths less than 
double the total length £, then all 2, or 22, for sure belong to the set. 

Consider the finite subset L” of L’ C L consisting of all lengths less than or 
equal to 2L 


L” =EL: L< 27}, 


This finite set contains at least the numbers 241, 2£2,...,2£y. Therefore there 
exists a basis 51, 52,...,5y, Such that every length £ € L” (as well as from L) 
can be written as a half-integer combination of s; 


1 N 
$25 Lash nj EN. 
J= 


Such basis is not unique especially if the graph has loops. Any two bases {s;} and 
{s4} are related as follows s; = n jsi,» nj = 5. 1,2, where ij,i2,...,iy isa 
permutation of 1, 2,..., N. Then among all possible bases consider the basis with 
the shortest total length Ehi sj. This basis is unique up to a permutation. 
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The total length of the graph £ can then be written as a sum of s; with the 
coefficients equal to 1 or 1/2 


N 
Lay ts. æj = 1,1/2. (9.30) 
j=l 


The coefficients in this sum are equal to | if s; is equal to the length of a certain 
edge Ej, i.e. when the edge forms a loop. The coefficient 1/2 appears if sj is equal 
to double the length of an edge. In this case the edge does not form a loop. Therefore 
the lengths of the edges up to a permutation can be recovered from (9.30) using the 
formula £; = ajsj, j = 1,2,...,.N. To check whether an edge E; forms a loop 
or not it is enough to check whether £; belongs to L’ or not. o 


Once the lengths of all edges are known the graph can be reconstructed from 
the reduced length spectrum. Lemma 9.8 implies that looking at the reduced length 
spectrum L’ one can determine whether any two edges E; and Ex are neighbours 
or not (have at least one common endpoint): the edges E; and Ex are neighbours if 
and only if L’ contains at least one of the lengths Lj + lx, 20; + £k, £j + 2x, or 
2(¢; + ex). 


Lemma 9.10 Every finite connected metric graph T without degree two vertices 
can be reconstructed from the set {ln} a of the lengths of all edges and the reduced 
length spectrum L! defined by (9.29), provided that £, are rationally independent. 


Proof Let us introduce the set of edges E = {Bal , uniquely determined by the 
lengths £j. We shall prove the lemma for simple graphs first. A graph is called 
simple if it contains no loops and no multiple edges. From an arbitrary graph one 
can obtain a simple graph by cancelling all loops and choosing only one edge from 
every multiple one: 


(1) If £; € L’ then the corresponding edge is a loop. Then remove Ez from E and 
all lengths containing £% from L’. 

(2) If€, + €; € L’ then there exists a double edge composed of Ej and Ex (since 
the loops have already been removed). Then remove either E; or Ex from E 
and also all lengths containing the chosen length from L’. 


The new subsets E* C E containing N* < N elements and L* C L’ obtained in 
this way correspond to a simple subgraph r* C F which can be obtained from T° by 
removing all loops and reducing all multiple edges (Fig. 9.6). One obtains different 
T* by choosing different edges to be left during the reduction, but all * have the 
same topology. 

The graph I* has the same vertex set as I’. Note that the reduced graph may have 
degree two vertices, but such vertices are not dangerous since the edges connected 
at such vertex are present in the reduced length spectrum L’. 
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Fig. 9.6 A metric graph T 
and its simple subgraph I’* 


Graph r. Graph I*. 


The reconstruction will be done iteratively and we will construct an increasing 
finite sequence of subgraphs such that Fri C T2 C ...Ty* = T*. The 
corresponding subsets of edges will be denoted by Ex. 

For k = 1 take the graph I; consisting of one edge, say E,. The endpoints are 
not connected as we have reduced all loops. 

Suppose that connected subgraph I’; consisting of k edges is reconstructed. Pick 
up any edge Eg+ı which is a neighbour of at least one of the edges in T+. Let us 
denote by ae the subset of Ez of all edges which are neighbours of Ex41. We have 
to identify one or two vertices in I, to which the new Eg+1 is attached. Every such 
vertex is uniquely determined by listing the edges joined at this vertex, since the 
subgraph I’, is simple. Therefore we have to separate gaoh into two classes of edges 
attached to each of the endpoints of Egz+1. (One of the two sets can be empty, which 
corresponds to the case when the edge Eg+1 is attached to I’, at one vertex only.) 

Take any two edges from ER", say E’ and E”. The edges E’ and E” belong to 
the same class if and only if: 


¢ E’' and E” are neighbours themselves and 

© +0" +£} E L ie. the edges E’, E” and Egz+1 do not build a cycle. Note 
that if E’, E” and E;,,, form a cycle, then there are two periodic paths with the 
length Z’ + £” + €,4; and the corresponding S,(p)-coefficients are equal, which 
implies that @’ + £” + €4,; € L’. 


In this way we either separate en into two classes of edges or gabh consists 


of edges joined at one vertex. In the first case the new edge Eg+1 connects the two 
unique vertices determined by the subclasses. In the second case Eg+1 is attached 
by one endpoint to T% at the vertex uniquely determined by E>". It does not play 
any role which of the two endpoints of Eg+1 is attached to the chosen vertex of F, 
since the two possible graphs are equivalent. 

Denote the graph obtained in this way by "x41. 

Since the graph * is connected and finite after N* steps one arrives at [y+ = 
m 

It remains to add all loops and multiple edges to reconstruct the initial graph T. 
Suppose that the reconstructed subgraph T * is not trivial, i.e. consists of more than 
one edge. Then every vertex is uniquely determined by listing all edges joined at it. 
Check first to which vertex the loop E, is connected by checking if periodic paths 
of the length ¢,, + 2¢; belongs to L’ or not. All such edges E; determine the unique 
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vertex to which E,, should be attached. To reconstruct multiple edges check whether 
Lm+£j is from L’, where Ej € E*. Substitute all such edges E ; with corresponding 
multiple edges. 

In the case I’* is trivial, the proof is an easy exercise. o 


Our main result can be obtained as a straightforward implication of Lemmas 9.9 
and 9.10. 


Theorem 9.11 The spectrum of a Laplace operator on a metric graph determines 
the graph uniquely, provided that: 


e the graph is finite and connected, 
e the graph has no degree two vertices, 
e the edge lengths are rationally independent. 


Proof The spectrum of the operator determines the left-hand side of the trace 
formula (8.20). Formula (8.21) shows that the spectrum of the graph determines 
the total length of the graph and the reduced length spectrum. The total length can 
also be determined using Weyl’s asymptotics (4.25) (or (9.13)) 


L=n lim —. (9.31) 


Having reconstructed the total length one may use Lemma 9.9 to conclude 
that the lengths of all edges can be extracted from the reduced length spectrum. 
Lemma 9.10 then implies that the whole graph can be reconstructed provided that 
edge lengths are rationally independent. o 


One can easily remove the condition that the graph is connected. The result can 
be generalised to include more general differential operators on the edges and vertex 
conditions. Moreover, it is enough to require that only edges situated close to each 
other have rationally independent lengths [408, 409]. 
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Chapter 10 A 
Arithmetic Structure of the Spectrum P 
and Crystalline Measures 


We consider applications of the trace formula and spectral theory of metric graphs 
in Fourier analysis. It turns out that spectral measures associated with metric graphs 
give explicit examples of crystalline measures. 


10.1 Arithmetic Structure of the Spectrum 


Let us discuss arithmetic structure of the spectra of standard Laplacians on metric 
graphs. It depends both on the topology of the underlying discrete graph G and on 
the relations between the edge lengths in the metric graph rT. 

The trace formula (8.20) is going to play a crucial role in our studies, but we shall 
write it in a slightly modified way by moving the term xô from the right hand side 
to the left hand side 


L 1 
(1+ p1) ô + > (ôk, +8- ) = — +- X l(prim (y)) Sy (y) cos kl (y), 
— TT TT 
2-x kn AO yeP 
(10.1) 


where we assumed that the graph is connected and therefore ms(0) = 1. In 
the original formula (8.20) the left hand side contains all spectral information 
while the right hand side collects geometric and topological characteristics of the 
metric graph. The modified formula (10.1) reflects crystalline! structure of the 
corresponding measures: the left hand side as well the Fourier transform of the right 
hand side are given by infinite sums of delta functions. 


' See the following Sect. 10.2, where crystalline measures are introduced. 
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Taking into account the modified variant (10.1) of the trace formula it is natural 
instead of the discrete eigenvalues A; to look at their square roots kj = gay >0 
and in addition to adjust the spectrum at k = 0 so that the modified spectrum 
Spec (T) of L*(L) is 


Spec (T)={ 0,0,...,0 ,4V4j 2; #0}. (10.2) 
1 + £ times 


Note that we use this convention for the spectrum only in this chapter, where its 
arithmetic structure is discussed, and in Chap. 24 devoted to discrete graphs. 
We shall discuss two extreme cases: 


e the edge lengths are pairwise rationally dependent, 
e the edge lengths are rationally independent. 


In the first case the length of every edge is an integer multiple of a certain basic 
length £ > 0. Therefore introducing degree two vertices at the distance Z on every 
edge makes the metric graph equilateral—all edges have the same length £. The 
spectrum for such graphs is directly connected to the spectrum of the corresponding 
normalised Laplacian matrix Ly(G) (see Sect.24.1). As the result the spectrum 
Spec (T) is periodic and hence is given by a finite number of arithmetic sequences. 

Let us focus on the second case where the set of edge lengths is rationally 
independent (see Sect. 9.4). It is clear that each loop in I’ leads to the arithmetic 
sequence an, n € Z, in the spectrum (here £; is the length of the loop). 


Each eigenvalue has multiplicity 1. We are going to prove that no other arithmetic 
sequences occur. 


Theorem 10.1 Let D be a compact metric graph on N edges with the loops given 
by the edges E1, Ez,..., Ev, v < N. Assume that the edge lengths £j, j = 
1,2,..., N, are rationally independent and T is neither the segment graph Y(1.1), 
nor the cycle graph Y (1.2), nor the figure eight graph T o.s). Then the spectrum of 
the standard Laplacian on T can be presented as a union of multisets 


Spec (T) = L1 (T) U Lo(P) U--- UL, (T) U Spec* (T), (10.3) 


where L (0) = | En, ne z] are full size arithmetic sequences determined by the 
J 


loop lengths €;, j = 1,2,...,v, and Spec* (T) is a discrete set containing no full 
size arithmetic progression and satisfying: 


#(Spec* (r) N[-T, T]) =«T +0(1), asT> œ, (10.4) 
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with 


2 = 1 
a==[L-)0 ej) | =i +--+ 4241 +..-€n)). (10.5) 
TT ji T 


Proof If the graph F has a loop of length £j, then the spectrum Spec (T) contains 


the full size arithmetic sequence {#n, ne Z}, hence representation (10.3) is a 
J 


direct consequence of the fact that each loop gives rise to the eigenfunctions 


PR 
sin n(x — x2;-1), x € E; 
tj a a nez. 


yx) = 


3 otherwise, 


Formula (10.4) together with (10.5) then follow directly from the Weyl asymptotics 
(4.25). 

It remains to prove that Spec*(T) contains no full size arithmetic sequence. It 
will be convenient as in Chap. 6 to use simultaneously the complex torus 


T= {ze C”: iz;=1,j=1,2,..., N} 
and the real torus 
TY’ = RY 2x2". 


Consider first the case where T is not a watermelon graph, then the set Spec* (T) 
is given as the intersection between the curve 


(e6... eiN) e T~ (10.6) 


and the zero set Z% of the reduced secular polynomial P (z) = 0. 
Assume that the reduced spectrum Spec* (T) contains an arithmetic sequence 


a+nb, neZ, 
where a, b € R. Consider the corresponding points 
Y(n) = (atnb)é = al +nbl e TY 


on the real torus T^, where we use the vector i= (£1, £2,..., LN) of edge lengths. 
Note that fbe j Ve are rationally independent as fe TA 
j=l J 


j=1 we 
Then there are two possibilities 


e if {be I , are linearly independent modulo 27 with respect to Q, then the 


points ý n) densely cover the torus TY; 
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a {bej}7 


integers m j and m such that 


are linearly dependent modulo 27 with respect to Q, i.e. there exist 


N 


X mjbe; = m27, 
j=! 


then the points Wn) densely cover the hypertorus 
N 
5 mjfj= m2r. 
j=1 


In the first case the zero set of the polynomial P% (z) contains the whole torus 
TY, but this is impossible since P% is not identically zero. 

In the second case the polynomial P% vanishes on the hypertorus, which is given 
on TN by the hyperplanes: 


MN 


m2 
Paar ett 


m k 
on = —2r + —27m, kez, 
g g g 


where g € N is the greatest common divisor (GCD) for {m j y 1: We also assume 


I= 


without loss of generality that GCD for {mm ,..., my, m} is equal to 1. 
Consider the polynomial T (z) vanishing on one of the hyperplanes 


T(z) age ge gle (10.7) 
Let I be the polynomial ideal generated by T (z) with the zero set 
V@ = {ze C%: F@ =0,VF eI}. 


The secular polynomial P% vanishes on V (I), then Hilbert’s Nullstellensatz implies 
that [Pe (z))" for a certain r € N belongs to the ideal, i.e. 


(PE) = R@T@), (10.8) 
for a certain polynomial R(z). Since PŠ is irreducible (Theorem 7.19), the latter 
equality may hold only if T (z) coincides with a certain power of PŠ (z), but T (z) 
given by (10.7) is not a power of any other polynomial. The only possibility that 


remains is that 


P%(z) = T (2). 
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We already know that P% is a first or second degree polynomial in all variables, then 
(10.7) implies that 


PE@) =T@) = ( zi)( i zj) =en, (10.9) 


j=l j=v+1 


where the first product is over the edges forming loops in I and the second one— 
over all other edges. In particular, we have m ;/g = 1, 2. 

To prove that representation (10.9) leads to a contradiction we shall consider 
contractions of graphs as in Chap.7 and use the explicit formula (7.6) describing 
change of the secular polynomials under contraction. 

The secular polynomials for all graphs on at most three edges have been listed in 
Sect. 6.2. Only genuine graphs (i.e. excluding the graphs 


G21), G23), G31), G33), G3.5), G3.6), G 3.10) 


having degree two vertices) need to be examined. We see that only graphs G(1.1) 
(segment), G1.2) (cycle), and G,2.4) (figure eight graph) have secular polynomials 
compatible with (10.9), but these graphs are excluded by the assumptions of the 
theorem. 

Assume now that I is a genuine graph on at least 4 edges. Then Lemma 7.7 
implies that it can be contracted to a genuine graph on three edges, i.e. to one of the 
following graphs: 


G82, G3.4), G3.7), G3.8), G3.9), GB.11)- 


The secular polynomials for the graphs G32), G3.4), GG., Ga.g), and G@.11) 
(excluding the watermelon graph G(3.9)) are not compatible with (10.9). 

It remains to study the case where I is a watermelon graph. Repeating our 
argument we arrive at the equation generalising (10.8) 


(Pi (2) PR, w) = R(2)T(2). 


Irreducibility of Pwr (z) or Pw (z) and impossibility to write T(z) as a power of 
any other polynomial leads to the conclusion that either 


Pwr (z) =T(z) or Pw (z) = T(z). (10.10) 


It follows in particular that T(z) is first order in all variables. Equality (10.10) does 
not hold for G39). For watermelon graphs on more than 3 edges contraction to any 
three edges leads to G(3.11), and factorisation of the corresponding polynomial is 
not compatible with (10.10). oO 
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The proof of the above theorem shows that the following notations are useful: 


e Z* C T™ and Z* C T’ —the zero sets of the reduced polynomials, to be called 
reduced zero sets; 

e Spec*(I’)—the spectrum determined by the reduced polynomials, to be called 
reduced spectrum. 


The reduced spectrum Spec*(T) is obtained by intersecting the line kí with the 
reduced zero set Z*. 

Our original proof of the above theorem [351] was based on Lang’s conjecture 
from diophantine analysis (proven in [359, 376] and refined in [184, 185]): 


Theorem 10.2 (Lang’s Conjecture) Assume that: 


e V c (C) is an algebraic subvariety given by the zero set of Laurent 
polynomiasl;? 

e G isa finitely generated subgroup of rank r of the torus T C (C* 
as a group under coordinate-wise product; 

e Gis the division group of G, that is 


) considered 


G= fz € T : z” €G for some m > 1} c (C5. 


Then there exist finitely many translates of (possibly low dimensional) subtori 
Ti, T2,..., T, contained in V such that 


GNV=GN(MUMU:-:-UT,), 


with 
: 


u< (cw) 


where C(V) is an effectively computable constant independent of the group. 


Full usage of diophantine analysis allows one to prove much more sophisticated 
properties of the spectrum. In particular the following two statements hold under the 
assumptions of Theorem 10.1 


e The dimension of the reduced spectrum with respect to rationals (more precisely, 
the rational dimension of the rational linear span of the reduced spectrum) 
is infinite, despite the fact that the dimension of the length spectrum, that is 
{€(Y)} pep is always finite [350] 


00, dimo La{ey)| =N. (10.11) 


dimo £ [ka] 
a aa ki peP 


kneSpec* (T) 


2 Here C* denotes the punctured complex plane C \ {0} with the multiplicative group structure. 
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e The length of possible finite arithmetic progressions—the number of elements 
in any such progression—can be estimated using the effectively computable 
constant C(V)[351]. 


10.2 Crystalline Measures 


The spectra of standard Laplacians on metric graphs lead to explicit examples of 
so-called crystalline measures, which were right in the focus of recent studies in 
Fourier analysis. Before our examples were published [350], it was even conjectured 
that such positive measures may not exist. 


Definition 10.3 A set S is called discrete if every point from the set has a (small) 
neighbourhood containing no other points from the set. 


Following [386, 388] crystalline measures u are defined as 


Definition 10.4 A tempered distribution u is a crystalline measure if u and its 
Fourier transform ji are of the form 


i(k) = D> andg,, ÂG) = D> dn ds, (10.12) 


kne K SnES 


with K and S discrete subsets of R. 


The set S is in the literature on crystalline measures referred to as the spectrum of 
the measure. In the case of metric graphs on the contrary the set K is determined 
by the spectrum Spec (T) (or rather Spec*(T)) of the Laplacian. In order to avoid 
possible misunderstanding we shall use the word spectrum only in connection with 
the spectrum of the operator. 

The simplest example of a crystalline measure is given by the Poisson summation 
formula 


X f@ = } fxm), (10.13) 


neZ meZ 


which also can be written as: 


(x)= in => AY) = Y} dann. (10.14) 


neZ meZ 


The measure Venez ôtn+c, t > 0,c € R, is usually called a Dirac comb of 
period t. Any finite combination of such measures is again a crystalline measure, 
called generalised Dirac comb. Such measures are considered as trivial crystalline 
measures and one is interested in constructing non-trivial crystalline measures, i.e. 
not given by a finite combination of Dirac combs. Periodic generalised Dirac 
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combs are formed by a finite number of elementary Dirac combs having rationally 
dependent periods. One may always assume that the periods are equal. 

The support of a crystalline measure is by definition a discrete set, but we shall 
need the slightly more subtle notion of uniformly discrete sets. Discreteness of the 
set (given by Definition 10.3) does not imply that the distance between any two 
points in the set is bounded from below by a certain strictly positive number. 


Definition 10.5 A discrete set S is called uniformly discrete if there is a positive 
number d > 0 such that 


Xn — Xml = d 


holds for any xn, Xm € S, n Am. 


Note that in the case of multiple eigenvalues the support of the spectral measure 
(see (10.17) below) may be uniformly discrete, even if the spectrum is not uniformly 
discrete. 

The union of two periodic lattices with rationally independent periods provides 
an example of a set which is discrete but not uniformly discrete. In what follows 
uniform discreteness will help us to prove the measures that we shall construct are 
not generalised Dirac combs. 


Lemma 10.6 A measure on R given by a finite linear combination of Dirac combs 
is uniformly discrete if and only if it is periodic. 


Proof Let be a generalised Dirac comb that is given by a finite sum of Dirac 
combs: 


N 


we) = $ aal Yo benta): (10.15) 


n=1 meZ, 


If all periods t, are pairwise rationally dependent, i.e. tn = dnti, qn E Q, then the 
measure is periodic. 

Arbitrary generalised Dirac comb can be written as a finite sum of periodic 
measures with rationally independent periods. To this end let us divide the set 
T= a oe of all periods into Nj < N equivalence classes of pairwise rationally 
dependent periods 


N ss 
T=U; T; TNT) =i 4 j, 


th, tm E€ Tj > tn/ tm E€ Q. 
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In this way the measure u is presented as a sum of periodic measures, each being a 
generalised Dirac comb: 


[Lj (x) = YS an( Yo binder) J H1,2,0254M1 


t,€T; meZ 


Nı 
> u(x) = X ujo). (10.16) 
j=l 


The supports of the periodic measures intersect at most at 


YS IT: Tj] 


i<j 


points. This follows from the fact that two sequences tim; +ci, mj € Zand tjm; + 
cj, mj; € Z have at most one common point, provided t;/t; ¢ Q. Assume the 
opposite: 


nas pac ere ey 
tim; + cj = tym; + cj ee) i 
i.e. t; and t; are rationally dependent. 

Assume that u is not periodic, hence the number of periodic measures in the 
representation (10.16) is at least two. The measures jz; and u2 are two periodic 
measures with rationally independent periods, hence in their supports there exists 
an infinite sequence of arbitrarily close points: 


x} € supp /41, 1 2 
4 x;—xX il 
Xj € supp u2 
implying that the measure jz; + u2 is not uniformly discrete. Only a finite number 
of points from the sequence are not present in the support of jz as the supports of the 
periodic measures intersect at a finite number of points. Hence even the measure u 
is not uniformly discrete in this case. 

If the measure u is periodic, then it is uniformly discrete: to determine the 


minimal distance between the atoms it is enough to look at one of the periods. oO 


This lemma implies that every trivial (given by a generalised Dirac’s comb) uni- 
formly discrete crystalline measure is periodic. This observation will be important 
in the future. 


242 10 Arithmetics and Crystalline Measures 


Consider the standard Laplacian on any finite compact metric graph. Writing the 
corresponding trace formula (8.20) in the form (10.1) suggests us to introduce the 
following spectral measure 


uK) = (1+ BDE + Y ôr. (10.17) 
kn € Spec (T) 
kn #0 


Remember that the spectrum Spec includes both positive and negative values of 
kn = ŁVÀn, An > 0. The support of the measure is discrete, since the spectrum 
of L*(T) is discrete. Moreover, the measure is positive as the coefficients in front 
of delta functions are positive integers (8; > 0, multiple eigenvalues are allowed). 
Taking Fourier transform of the right hand side of the trace formula 


£L 1 
=> +-— J (prim (y))Sy(y) cos kl (y) 
It T 


yeP 


leads to the following expression for the Fourier transform of the measure: 


Ad) = 2L8 + 5 l(prim YDS (o + 51): (10.18) 
yeP 


The support of this measure coincides with the set of lengths of periodic orbits 
which are linear combinations with positive integer coefficients of the edge lengths: 


N 
LY) =J ana, only) EN, (10.19) 


n=1 


where @,(y) = 0,1, 2,... counts how many times the orbit y passes through the 
edge En. Different periodic orbits may have equal lengths but the number of orbits 
having a certain length is always finite. On the other hand for any length £(y) there 
is always a non-zero distance to the nearest £(y’). This is due to the fact that the 
coefficients in the representation above are positive integers.* In other words, the 
set of lengths is discrete, hence to prove that u is a crystalline measure it remains 
to show that jz is a tempered distribution, but this follows from the fact that the 
spectrum of L‘'(I’) satisfies Weyl’s asymptotics (4.25) and all non-zero eigenvalues 


3 If at least two lengths £, are rationally independent, then the linear combinations YE 1 Xn (Y Wn 
with integer coefficients œn € Z densely cover the real line R and the corresponding set is not 
discrete. 
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in u(k) are counted in accordance to their multiplicities ms (An) 


wk) = (1+ BS + X ms(kp)8Ky- (10.20) 
kn € Spec (T), 
kn £0 


Summing up, the spectral measure u(k) for any metric graph is crystalline. In 
order to get an interesting result we need to show that this measure is not a trivial 
crystalline measure. 

If all edge lengths are pairwise rationally dependent, then the spectrum as defined 
above is periodic in k. We discuss this case in more detail in Sect. 24.3, in particular 
Theorem 24.6 tells us more about the structure of the spectrum. Periodicity of the 
spectrum Spec (T) means that the symmetrised spectral measure u can be written as 
a finite sum of Dirac combs with positive integer coefficients and the same periods. 
One gets a trivial crystalline measure in this case. 

In the rest of this section we discuss the opposite case where the edge lengths 
are rationally linearly independent. We shall also exclude the watermelon graphs 
from our discussion and will return to them at the end. Theorem 10.1 implies 
that the spectrum contains arithmetic progressions corresponding to the loops in 
T. Every such progression can be seen as a Dirac comb and we shall subtract their 
contributions from the trace formula focusing on the spectrum determined by the 
set Spec* (T) not containing any full size arithmetic progression (see (10.3)). To this 
end let us introduce the reduced spectral measure 


w(ky= (+ fi-v)ds+ Yo b,. (10.21) 
kn € Spec*(T) 
kn #0 


Remember that v denotes the numbers of loops in F and the set Spec*(T) is 
determined by the intersections of the curve (eiti, eikt2 | eiktn ) with the zero 
set of the reduced secular polynomial P% (z) and it holds 


Spec*(I) = Spee (T) \ ( (J L40), 


j=l 


as multisets. We remind that L ; (T) denote the arithmetic sequences in the spectrum 
corresponding to the eigenfunctions supported by the loops. To get an explicit 
formula for the Fourier transform of u* we need to subtract from formula (10.18) 
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the terms corresponding to Dirac combs associated with the loops: 


iO = 2L + > I(prim DS) (B10) + 510) 
yeP 


v 
= bes > dejn 


j=l neZ 


=L- YD 4))8-+ Yo prim DS(on + 8-10) 


j=l yeP 
oo 


v 
— se > (bejn + 8-ejn)- 
j=! 


n=1 


(10.22) 


Note that all subtracted terms are present in the sum over all periodic orbits and 
correspond to the orbits obtained by going along one particular loop several times 
in one particular direction. Only one direction for each loop is present because the 
eigenvalues determined by the loops have multiplicity one, not two as for the single 
cycle graph I'(1.2). The periodic orbits involving any two loops are not subtracted. 

Our analysis implies that jz* is again a crystalline measure. It remains to show 
that this measure is not trivial. Before considering the general case, let us study the 
spectrum of the lasso graph. 


10.3 The Lasso Graph and Crystalline Measures 


In this section we study the measures associated with the lasso graph T &2.2). The 
zero set of the reduced secular polynomial 


Po2) = 3z1z2 = za +z, —3 


on the real torus T? is presented once more in Fig. 10.1 The polynomial Po2) is 


-stable, that is it does not have any zeroes inside D?, where D is the open unit disk 
) = {z : |z| < 1}. To see this we write the equation Po 2) (z) = Qas 
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Fig. 10.1 The zero set Z% i 
Gea.) 3 
on the real torus 
2 Le 
4b 
0 L 
-1L 
-2L 
-3L 


zi—3 
1—3z, 


the equation has no solutions inside D*. Moreover we have 


The Mobius transformation zı b> 


maps the unit disk to its complement, hence 


Piro ne )= 3 = i I 3 
Ca ie = TEE 
== 1297 Baz) — 3 +21 —3) (10.23) 


= =z z3 Pb» (21, z2). 


This relation implies in particular that, if (z1, z2), zj 4 0, is a zero of Po) then 
(1/z1, 1/z2) is also a zero. Therefore the secular equation P% 2) (ik eit) = 0 
cannot have non-real solutions k; ¢ R. Assume on the contrary that such solution 
kj exists. If Imk; > 0, then zj = e’*7, j= 1,2, are inside the unit disk |z;| < 1 
and Ph Eb z2) = 0; this contradicts that Po) is stable. If Imk; < 0, then 
1/zj = ees. j = 1,2, are inside the unit disk. The relation (10.23) implies then 
that 


PO.2)C/21, 1/22) = =z z7 Phas aa, z2) = 0, 
which again contradicts stability of Po): 


The reduced spectrum of the metric graph is obtained by intersecting the line 
(k€,, k€2) and the zero set of the function 


_ Gl _ Gl 
Lio. (1, 92) = 3 sin + p2) + sin( 7 — 92). 
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The function has a non-zero gradient 


3 1 
VLO = (5 cos( +2) + 5 cos( — £2), 300s(F + 92) cos(S v2). 


implying that the zero set of L2) is a smooth curve on the torus T?. Moreover, the 

normal to the curve lies in the first quadrant since the components of the gradient 

have the same sign 

dL >) dL 2) 
agi ðp2 


1 
= 5(9008°( 5 +o) co (f 2)) 


(10.24) 


1 
= 5(9 osin? +ø) 1+ sin? (2 - v2)) 
aA. 


where cancelling the two terms on the middle line we used that Ly) (91, 92) = 0. 
The direction vector for the line (k£1, k£2) belongs to the first quadrant as well, 
hence the intersection between the line and the zero set is never tangential. One 
obtains an infinite sequence of simple eigenvalues {kn} solving the trigonometric 
equation 


£ e 
Lö (kl, kh) = 3 sink(> + fo) + sink(> — ty) =0. (10.25) 


Plotting the graph of the function one may get an impression how the eigenvalues 
are placed (see Fig. 10.2). 

To prove that the number of zeroes is infinite, it is enough to take into account 
that Loa) (k€, kez) for any £; > 0 is a continuous function satisfying the two-sided 
inequality 


l £ 
3sink(> + £2) — 1 < Lý y (kei, ke) < 3sink(> +h) 4-4. 


Fig. 10.2 Graph of the function Lon (kli, ky) for £) = 1,0. = V7 
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Fig. 10.3 The curved strip associated with Lo) for 2; =1,4. = NT 


2} 2 

1 1 

0 0 

-1 =i 

z ] ma 

= J s3 /| 
3 2 1 6 1 2 3 3 2 a o 4 2 3 


Fig. 10.4 Graphical representation of the reduced spectrum of T 2.2) for rationally dependent (left 
figure) and rationally independent (right figure) edge lengths 


The curved strip 
op ft ea 
3sin k(> +)-l<y< 3sink(> + fo) +1 


plotted in Fig. 10.3 crosses the line y = 0 infinitely many times because the function 
3 sin k(4 + l2) does this. The character of the spectrum depends on whether £4 /£2 
is a rational number or not. 


e If£1/l2 € Q, then the line (k£1, k£2) is periodic on the real torus T? and therefore 
intersects the zero set at a finite number of points (see left Fig. 10.4). 

e If €;/l2 ¢ Q, then the line (k£1, k£2) densely covers the real torus T? and 
therefore the intersection points densely cover the zero set (see right Fig. 10.4). 


In the figures above we used the same values of £1/£2 as in Fig. 6.3, namely 


A 5—1 


aF 3 and z =>: 
For arbitrary positive edge lengths there is always a non-zero distance between 
the subsequent intersections, hence the distance between the subsequent eigenvalues 
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is separated from zero, i.e. the reduced spectrum for 2.2) is always uniformly 
discrete, independently of the actual edge lengths. 

It is almost clear that in the case of rationally independent edge lengths the 
spectrum is not periodic, since Loz) (k£ı, k£2) is not a periodic function of k. To 
prove this rigorously we may use Theorem 10.1 which states that Spec* (T) contains 
no arithmetic sequences provided the edge lengths are rationally independent, hence 
the spectrum cannot be periodic. 

Let us summarise our findings. 


Theorem 10.7 Let u* = 8+}. kn #0 ôk, where kn are solutions to the trigonometric 
equation (10.25) 


okl, kl) = 3 sink( + fo) + sink( — fo) =0 


be the reduced spectral measure for the lasso graph T'(2.2) with edge lengths £; and 
l2. 


(1) If &/l2 € Q, then the measure u* is given by a periodic generalised Dirac 
comb. In particular: 


(a) The measure * is a trivial positive idempotenť crystalline measure. 

(b) The support of the measure u* is given by the union of finitely many 
arithmetic progressions. 

(c) The Fourier transform of the measure {i* is again a periodic generalised 
Dirac comb and is supported by a uniformly discrete set. 

(d) |*| is translation bounded. 


(2) If €1/€2 ¢ Q then the measure u* is not a generalised Dirac comb. It holds: 


(a) The measure u* is a non-trivial positive idempotent crystalline measure. 

(b) The support of the measure u* meets any arithmetic progression in at most 
a finite number of points. 

(c) The support of the Fourier transform of the measure [1* is not a uniformly 
discrete set. 

(d) |*| is not translation bounded. 


Proof The first part of the Theorem is elementary and is presented here just for the 
record in order to be compared with the second part. Only statement 1(a) needs 
clarification. All zeroes of the function Lia) (ké,,k€2) are simple since (10.24) 
implies that both partial derivatives are non-zero and have the same sign. We did not 
use in the argument that €;/£2 € Q, hence the same proof implies even 2(a). 

Let us focus on the case £;/£2 ¢ Q. The measure u* is not a generalised Dirac 


comb for the following reasons: 


(i) the spectrum of L*T o2) is a uniformly discrete set; 


4 Idempotent means that the measure has unit coefficients in front of all delta functions. 
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(ii) Lemma 10.6 states that every atomic measure given by a generalised Dirac 
comb is uniformly discrete only if it is periodic; 

(iii) the measure u* cannot be periodic as its support does not contain any 
arithmetic sequence (Theorem 10.1). 


The latter statement coincides with 2(b). 

To prove 2(c) let us remember that the Fourier transform of u* is given by 
(10.22). The support of the delta functions include lengths lo of all periodic orbits 
with non-zero sum of the corresponding scattering coefficients 


Y= Uprim (y)) Sy(v) #0. 


I(y)=lo 


Since the two edge lengths are rationally independent, at least the orbits supported 
by each of the two edges alone are present. These periodic orbits have lengths 
ni1, nı € N and 2n242, n2 € N. The union of these sets is not uniformly 
discrete—there are always arbitrarily close lengths for sufficiently large n j. Hence 
the spectrum is not periodic since otherwise the reduced spectral measure would 
have been given by a finite sum of Dirac combs with a common period. The Fourier 
transform of such measures is again given by Dirac combs with equal periods and 
therefore its support is a uniformly discrete set. 

One can also prove 2(c) by using the result by Lev-Olevskii [372], which states 
that in one dimension every crystalline measure with uniformly discrete support of 
the measure and its Fourier transform is given by a periodic generalised Dirac comb. 

We do not have an explicit proof for 2(d). It is clear that the number of 
periodic orbits having length approximately equal to (y) grows as (vy) — oo 
and the corresponding scattering coefficients S,(y) decrease, but it is difficult to 
compare these quantities even for such simple graphs as T (2.2). On the other hand 
translational boundedness of |/z| would contradict Meyer’s Theorem stating that 
every crystalline measure with a, from a finite set (a, = 1 in our case) and |/i| 
translation bounded is a generalised Dirac comb: 


Theorem (Meyer [385]) If a), takes values in a finite set and |Ñ] is translation 
bounded, that is, sup |(1|(x + [0, 1]) < œ, then n is a generalised Dirac comb. 
xeR 
| 
Historically, the measure u* associated with T'2,2) was the first constructed 
explicit positive uniformly discrete crystalline measure. All non-trivial examples 
of crystalline measures known before were less explicit: 


e Meyer’s construction [386, 387] following A.P. Guinand [250], where the 
measure is determined by the non-trivial zeroes of two Dirichlet functions; 

e signed measures of N. Lev and A. Olevskii [373] constructed generalising 
Meyer’s cut-and-project procedure; 

e translationally bounded measures by M. Kolountzakis [302] constructed as an 
infinite sum of Dirac combs. 
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After those examples were presented it was not clear whether positive uniformly 
discrete crystalline measures exist, especially in view of Lev-Olevskii theorems 
stating that every uniformly discrete crystalline measure with uniformly discrete 
support of the Fourier transform is a generalised Dirac comb in R! [372]. Assuming 
positivity, the same result holds in R. The above examples of crystalline measures 
are not explicit, and it is hard to control positivity of the measures or arithmetic 
properties of the support. 

On the other hand those papers contained clearly formulated questions that the 
measure u* provides an affirmative answer to: 


(a) Excepting Dirac combs, do there exist nonnegative crystalline measures? [386, 
page 3158] 

(b) Can one get a positive measure in Theorem 1.2—a crystalline measure with the 
support containing only finitely many elements of any arithmetic progression 
(part 3 of question 11.2 in [374]). 

(c) Do there exist uniformly discrete sets K? A trivial answer is given by Dirac 
combs. Are there other examples? [386, page 3158] 

(d) Let u be a measure on R, with uniformly discrete support K and discrete closed 
spectrum S. Does it follow that S must be also uniformly discrete? (part 2 of 
question 11.2 in [374]) 


After the measure j* was discovered several alternative explicit constructions of 
crystalline measures were suggested, in particular using the following mathematical 
notions: multivariate stable polynomials [350], trigonometric polynomials with real 
zeroes [414], inner functions in C™ [389], linear recurrence relations on lattices and 
curved model sets [390]. The paper [414] contains in addition characterisation of 
all idempotent crystalline measures on R! via trigonometric polynomials with real 
zeroes. 


10.4 Graph’s Spectrum as a Delone Set 


Laplacians on metric graphs always lead to positive crystalline measures, but 
measures having uniformly discrete support are of particular interest. In this section 
we shall focus on how examples of such measures can be obtained. In view of Weyl’s 
asymptotic 4.15 the support of every such measure is also relatively dense. Discrete 
sets that are both uniformly discrete and relatively dense are called Delone sets.’ 

The structure of the spectrum depends on whether the edge lengths are rationally 
dependent or not. If the edge lengths are pairwise rationally dependent, then the 
support of the reduced spectrum is periodic and therefore is always a Delone set. The 
corresponding summation formula is a generalised Dirac comb and is not interesting 
for us. 


5 These sets are named after Russian mathematician Bopric Huxondesuy Jlenoué, who used French 
transliteration Delaunay for his family name. 
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If the edge lengths are rationally independent, then as we have seen the reduced 
spectrum is uniformly discrete only if the zero set of the reduced secular polynomial 
is not singular: the curve (e'*"1, ... , e'¥®N) densely covers the unit torus T leading 
to close eigenvalues when the curve almost hits the singularities of the reduced 
zero set (without actually hitting them). Hence looking for measures supported by 
Delone sets one should either find graphs for which the zero sets of the reduced 
secular polynomials are not singular, or impose a linear relation on the edge lengths 
ensuring that the curve (e! key etken ) does not come close to the singularities of 
the reduced zero set. 

It is straightforward to describe the reduced spectrum in the case the graph has 
at most two edges: the reduced spectrum is given by single arithmetic progressions 
with the only exception of G(2.2) 


° Spec* (T a.1)) = Spec (Tas) = {Zn, n E€ Z}. 

* Spec* (Taz) = {n,n € Z). 

° Spec* (T 2.1)) = Spec (T2.1)) = lagh n E€ Z}. 

e Spe* (To) = {k : 3sink($ + £2) + sink(4 — 42) = 0}. 
e Spe* (T23) = (zn ne Z}. 

° Spec* (T 2.4) = lign, neZ}. 


The reduced spectrum of L*(T@2)) has already been discussed, therefore let us 
turn to graphs on three and more edges. The singular subset of the reduced zero set 
Z% may be non-empty, therefore the non-trivial spectrum cannot always be a Delone 
set. Given a genuine graph on at least three edges, not a dumbbell graph G(3.7), the 
spectrum is not a Delone set if the edge lengths are rationally independent. Moreover 
it cannot be made Delone by subtracting a finite number of arithmetic progressions. 
This follows from Lemma 6.3 stating that all genuine graphs on three edges have 
singular points in the reduced zero set, provided G,3.7) is excluded. 

Having this fact in mind we are going to adopt the opposite strategy and discuss 
how to choose the edge lengths to get a Delone set, provided the discrete graph G is 
fixed. 


Theorem 10.8 Let G be a discrete graph on at least three edges, not a watermelon 
graph G39). Then the edge lengths can be chosen in such a way that the spectrum 
is anon-periodic Delone set after possibly subtracting a finite number of arithmetic 
sequences corresponding to the loops. 


Proof To prove the theorem we shall contract N — 3 edges in the original graph 
to get a graph on three edges. Not every graph on three edges is suitable—non- 
genuine graphs should be excluded: these graphs are equivalent to graphs on one or 
two edges and their spectra are often given by arithmetic sequences. Non-genuine 
graphs on three edges are: 


Ge.1), G33), GB.5), G36, and G3 10). (10.26) 
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Fig. 10.5 Possible 
extensions of the watermelon 
graph W3 = G@3.9) 


es, 
a 


>e 


Let us exclude all these graphs. Lemma 7.7 implies that any genuine graph on three 
or more edges can be contracted to one of the following genuine graphs on three 
edges: 


G82), G84), G3.7), C88), G89), OF G3.11)- 


One may strengthen Lemma 7.7 by proving that, excluding the watermelon G (3.9), 
any genuine graph on at least three edges can be contracted to any of the following 
genuine graphs on three edges: 


G82), C84) CB, CB.) or G3.11)- (10.27) 


Lemma 7.7 is proven by constructing a sequence of genuine graphs with a 
decreasing number of edges. Every graph in the sequence is a contraction of the 
previous graph. This sequence ends up with the watermelon graph G(3.9) only if the 
previous graph in the sequence is either the watermelon with a loop W3L, or the 
watermelon on a stick W3I presented in Figs. 7.7 and 7.8. Instead of G(3.9) these 
graphs can be contracted to G(3.11) and Gg3.8) respectively (see Fig. 10.5). 

In what follows we shall assume that all but except three edges are contracted 
so that the graph G is equivalent to one of the graphs from the list (10.27). Note 
that this contraction is not unique and the same original graph can be contracted to 
different graphs. To get a Delone spectrum we shall subtract arithmetic sequences 
corresponding to the loops, remember that contraction may lead to new loops not 
present in the original graph G. 

To accomplish the proof of the theorem it is enough to show that the edge lengths 
in the graphs (10.27) can be chosen so that the reduced spectrum is a Delone set. 
Examining the reduced zero surfaces Z* for G(3.2), G(3.4), G3.7, G.g), and G3.11) 
(plotted in Figs. 6.10, 6.12, 6.15, 6.16, and 6.19) we see that excluding Zi3.7) all 
other surfaces are singular. 

Let us discuss the regular case of the dumbbell graph G37) first. The reduced 
spectrum is determined by the zeroes of the reduced Laurent polynomial Li3.7) (see 


(6.15)). The corresponding reduced zero set Zi3.7) expanded periodically to R? is 
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formed by smooth two-dimensional sheets separated from each other by a certain 
non-zero distance. 

The normal to the surface is always pointing in the first octant, in other words 
all coordinates of the gradient have the same sign. This is a general fact following 
from the monotonicity of the eigenvalues with respect to stretching of the edges: 
the eigenvalues are non-increasing functions of the edge lengths. This follows from 
the min-max principle and scaling properties of the Dirichlet integral (giving the 
quadratic form of the standard Laplacian). We prove this fact by differentiating 
L637) (91, $2, 93) directly. The calculations remind us of formula (10.24). We have 
for example 


OL%7) ILY 
37) POF 
B.7) °° B.7) _ (9cos(1 + p2 + 93) — 3 cos(p1 + p2 — p3) 


+3 cos(g1 — p2 + p3) — cos(g1 — p2 — g3)) 
x (9 cos(y1 + p2 + p3) — 3 cos(p1 + p2 — p3) 


092 Ig 


—3 cos(p1 — p2 + p3) + cos(p1 — p2 — ¢3)) 


2 
= (9 cos(p1 + p2 + p3) — 3 cos(g1 + G2 — 3)) 


2 
-(3 cos(y1 — p2 + p3) — cos(g1 — p2 — v3) 


= (9 cos(y1 + p2 + p3) — 3cos(y + 92 — es) 
-(3 cos(~1 — 92 + 93) — cos(p1 — p2 — o) 
+(9 sin(g, + g2 + 93) — 3 sin(g) + p2 — o) 
-(3 sin(g, — p2 + p3) — sin(g, — p2 — o) 


= 80 — 48 cos 293 > 32 > 0, 


where we of course used that L37 (91, $2, $3) = O in the third equality. Almost 
identical calculations lead to the inequality 


aLi y ILN 
ðp3 OQ 


> 0. 


6 One may even prove Hadamard-type formula quantifying the derivative in the case of simple 
eigenvalues (see [226], [160, Appendix A], [52]) 


OA ee 3 
ae; = (W(x) + AW, (x) Ince), (10.28) 


where y, is the eigenfunction corresponding to a non-degenerate eigenvalue A and y (x)? + 
Aw (x)? is the Prüfer amplitude for the eigenfunction on the edge. 
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The spectrum is obtained by crossing the reduced zero set by the line k(€1, £2, £3) 
whose direction vector lies in the first octant (as well as the normal to the surface). 
Hence the distance between any two subsequent eigenvalues is uniformly separated 
from zero, the reduced spectrum is a Delone set. In order to avoid that the reduced 
spectrum is given by a generalised Dirac comb, it is enough to assume that £; are 
rationally independent, no further restriction on the edge lengths is necessary. 

Let us turn to the graphs G(3.2),G@.4), G.8), Ge.11). If all edge lengths 
are rationally independent, then it is unavoidable that the reduced spectrum has 
arbitrarily close points: these points appear when the line kË comes closer and closer 
to the singular points. On the other hand Lemma 6.3 lists all singular points g/ for 
these graphs. Let us choose a hypertorus 7 avoiding all these singular points 


dist {T, g} >d>0. 


The hypertorus for graphs listed in (10.27) can be written as an integer linear relation 
between the coordinates:’ 


T = {ni 91 + n292 + 1393 = 0}, nj€ Z. (10.29) 


The torus can be fixed so that not all integers n; have the same sign, i.e. the normal 
does not lie in the first octant. We may always assume that 


n1, n2 > 0, nz < 0. (10.30) 


Consider the hyperplane 17 € R? given by the same linear equation (10.29)—it 
avoids all singular points of the reduced zero set on R?. The intersection between 
the zero set of the reduced polynomial and the hyperplane is given by a set of smooth 
non-singular curves Z% NM = {y;}. There is a minimal distance between the curves 
since the picture is periodic and the curves may intersect only at the singular points 
of Z@, but these points are avoided. 

Let us choose any edge length vector a satisfying the same relation (10.29) 
with positive coordinates that are not pairwise rationally dependent; this is always 
possible for n satisfying (10.30): choose any two rationally independent £; and 
fo and get positive £3 from the relation (10.29). The set ki densely covers the 
hypertorus 7 but it is a line on the hyperplane JT. The intersection points between 
the line k/ and the zero set Z% on the hyperplane belong to the algebraic curves 
Vi, Gil G R?. The normal to Z% lies in the first octant as well as the line’s 
direction vector i, hence the two consecutive intersection points belong to different 
curves yj C H C R? and always are separated by a finite distance, hence the 
reduced spectrum is an uniformly discrete set. o 


We illustrate the proof of the above theorem with a few explicit examples. 


7 The point ø = 0 belongs to any torus of the form (10.29) and is a singular point for the 
watermelon graph G(3.9), therefore we had to exclude this graph. 
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Fig. 10.6 Zero set for graph 
G@.2) together with the torus 


93 = 291 


Example 10.9 This example comes from [63] where the three-star graph G (3.2) is 
considered. The authors put requirement £3 = 2£; leading to the equation on the 
spectrum: 


La. (ke .kez, 2k£1) = 0 
<> 3 sin(3£1 + £2)k + sin(—21 + €2)k + sin(3£1 — €2)k + sin(€; + £2)k = 0. 


Let us introduce the hypertorus 7 = {g : p3 = 391}. Figure 10.6 shows the zero 
set and the hypertorus which avoids the singular points (+x /2, 2/2, +7/2). The 
intersection between the zero set and the hypertorus is given by smooth curves. 
Projection of these curves to the (91, g2)-plane is presented in Fig. 10.7. The curves 
are clearly separated by a non-zero distance and the spectrum is a Delone set. 


Example 10.10 Consider the graph G(3.8) with the reduced Laurent polynomial 
given by (6.15) (Fig. 10.8). The singular points are (7/2, 7,7). We choose the 
hypertorus T 


pı + 2¢2 — 93 = 0 


avoiding the singular points. The intersection curves projected to the (¢1, ¢2)-plane 
are plotted in Fig. 10.9. Different curves are clearly separated by a ***non-zero 
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Fig. 10.7 Intersection \ i Y : i ; 
between Zg,,,, and the torus [ 
p3 = 2¢ projected to the 
(91, p2)-plane l 
0 Ca L Lo L L L 
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Fig. 10.8 The reduced zero 
set for graph G@3.g) together 
with the torus 7 
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distance. The reduced spectrum is given by the equation 


L s) (kli, Keo, k(l1 + 2€2)) = 0 


< 5sin (Sa ai 2e )k + sin (501 z sla) 
2 2 2 2 
a3 1 . fl 3 
+ sin (54 $ 5t2)k —3sin (54 = >t2)k =0, 
where we used that the edge lengths satisfy the relation £3 = €; + 242. The reduced 
eigenvalues form a Delone set, all eigenvalues having multiplicity one. Choosing £1 
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Fig. 10.9 Projection of the 
intersection curves to the 6f 


(91, p2)-plane 


and £2 rationally independent the line (k£1, kl2, k£3) densely covers the torus 7. 
The reduced spectrum contains no arithmetic sequence. 


In both examples obtained Delone sets are simple—all eigenvalues including 
point k = 0 have multiplicity one. Hence the corresponding crystalline measures 
are not only uniformly discrete but also idempotent. In general to get idempotent 
measures one has to ensure that the reduced spectrum is simple and that the 
delta measure at the origin has unit weight. The above examples illustrate two 
mechanisms how unit weight at the origin can be achieved: 


1. Let G be a tree, then 6; = 0, no reduction of the spectrum is needed and the 
weight of point zero is one. 

2. Let G be a graph with all cycles given by loops. Then reducing the spectrum— 
subtracting precisely 6; arithmetic sequences—one gets unit weight at the origin. 


Problem 41 Construct your own examples of idempotent uniformly discrete posi- 
tive crystalline measures using one of the graphs on three edges. 


Problem 42 Consider any graph on four edges. Construct an example of idempo- 
tent uniformly discrete positive crystalline measure by properly choosing the edge 
lengths (of course not allowing zero edge lengths, as such graphs should be seen as 
graphs on three edges). 


258 10 Arithmetics and Crystalline Measures 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


Chapter 11 A 
Quadratic Forms and Spectral Estimates ss 


The goal of this Chapter is to provide a systematic study of quadratic forms 
associated with Schrödinger operators on metric graphs. These forms will be used 
to prove spectral estimates in terms of a certain reference Laplace operator. The 
spectrum of a Laplacian is easier to calculate, but this is not the only reason 
to obtain spectral estimates. It turns out that the reference Laplacian does not 
necessarily correspond to the same metric graph I as the original operator. The 
corresponding reference metric graph may have different topological structure from 
T. Hence the spectral estimates obtained here will imply that in certain cases the 
topological structure of the graph I cannot always be deduced from the spectrum 
of the corresponding quantum graph, despite that the vertex conditions are properly 
connecting (as always). Moreover, we are going to use spectral estimates to prove 
several generalisations of the celebrated Ambartsumian theorem. 

The main mathematical tool we are going to use is the one-to-one correspondence 
between semi-bounded self-adjoint operators and closed semi-bounded quadratic 
forms [90, 442]. Working with the quadratic forms directly allows one to obtain 
effective spectral estimates much faster and use the full power of perturbation 
theory. 

We are going to consider the case of zero magnetic potential in order to simplify 
formulas, but it is not a restriction, since arbitrary vertex conditions will be treated 
and a nontrivial magnetic potential is equivalent to introducing certain phases in the 
vertex conditions (see Chap. 16). 


11.1 Quadratic Forms (Integrable Potentials) 


Quadratic forms associated with quantum graphs have already been considered in 
Sect. 3.4, where parametrisation of vertex conditions via Hermitian matrices was 
considered. Our focus here will be on determining the quadratic form domain in 
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the case of absolutely integrable potentials. The assumption that the potential is just 
summable and not necessarily uniformly bounded forces us to be more careful. 


11.1.1 Explicit Expression 


Let us denote by Q;s(u,v) the quadratic (more precisely sesquilinear) form 
q 


associated with the operator L$ (see Definition 4.1 with a(x) = 0). The quadratic 
form is first defined on the domain of the operator u, v € Dom (L$) : 


,v= , LE ‘ 
Qs(u, v) (u Thn 


Hence the functions satisfy on every edge 
u,v € WI (En), —u" +qu, —v" +qv € La(En), n=1,2,...,N. 


As we have shown in Sect. 4.1, these conditions imply that the functions are not 
only continuous, but have continuous first derivatives on every edge and one may 
impose vertex conditions. Moreover this implies that one may integrate by parts in 
the expression for the quadratic form: 


Orsu, v) = (u, LSv) 


N 
= DA ux) ( — v (x)+ g(x)u(x) )dx 


n=1 


N M 
= 2 (KOW aH UEI) dx+ X (V ”), 86(V")) cam, 


n=l m=1 


(11.1) 


where the vectors u(V™), du(V™) of boundary values at the vertex V™” were 
introduced in formula (3.2). 

The expression for the quadratic form may be simplified further if one takes into 
account that the vertex values of functions and their derivatives are not independent, 
but satisfy vertex conditions (4.8)! 


i(S” — Du(V™) = (S" + Nau(v”), (11.2) 


' Note that this formula holds only for functions from the domain of the operator. 
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where S” is an irreducible unitary dm X dm matrix. Consider the eigensubspace for 

S” associated with the eigenvalue —1 and its orthogonal complement in C% . Let 

us denote the corresponding orthogonal projectors by P”, and Po respectively. 
Applying P”, to both sides of Eq. (11.2) we get 


P™i(S” — Du(v™) = P” (S” + Dəu( V”) 
and therefore 
P” u(V™) = 0, (11.3) 


where we used that P”, is an eigenprojector for S’” and therefore commutes with it. 
It follows that the function u satisfies certain generalised Dirichlet conditions at 
V™—not all boundary values of u at V” are equal to zero, but a certain combination 
of them is zero (more precisely the projection on the eigensubspace P” C4 is zero). 

Let us apply now the projector pi = I — P” to both sides of (11.2) and use 
again that the projector and the matrix S”” commute: 


iP” ECS” — DP” UV") = P” S” + DP ouv”). (11.4) 


Note that the matrix Pi (S” +7 Vale is invertible in the subspace Pr” Chm and 
therefore the last condition can be written in the Robin form as follows: 


7 gm =f 
peo") = Pi 


et ray P™ai(v™). (11.5) 


The matrix pet Srey Pmt is Hermitian in P” Cam and was denoted by A” in 
(3.28) 


I 
P”, (11.6) 


Hence every function from the domain of the operator satisfies the generalised 
Robin condition: 


P”taü(v™) = A” P”tü(v”). (11.7) 


Using this notation the expression for the sesquilinear form can be written as 
follows: 


N N 
Qisu, v) =), Í waw (x)dx +) [ q(x)ur)u(a)dx 


n=1 n=1 


a (11.8) 
+ JO (Pr uO”), A” P™D(V™)) can 


m=1 
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Here we split the integral term, since we know that the functions u, v are continuous 
and q € L1. The corresponding quadratic form is 


N N 
Oru = Sof WORY f acowPax 
n n=l n 


n=1 


M (11.9) 
+Y (Pr uV”), A” PPE ™ can. 
m=1 
It is common for unbounded operators that the quadratic form is defined on a domain 
which is larger than the domain of the operator. If the operator is strictly positive, 
then the domain of the quadratic form is obtained by closing the operator domain 
with respect to the norm given by the quadratic form. 

The quadratic form we got is not necessarily positive, since there is no reason 
to assume that the Hermitian matrices Am are positive, the potential q can also 
be negative. In order to proceed we need to show that the quadratic form is semi- 
bounded, i.e. there exists a constant K such that 


lulo, = Qrs (u, u) + K llull}, T) (11.10) 


is positive definite. 


11.1.2 An Elementary Sobolev Estimate 


In order to proceed we need the following elementary Sobolev estimate (a special 
case of the Gagliardo-Nirenberg estimate), showing that every function from wi on 
a compact interval is essentially bounded. 


Lemma 11.1 Assume that u € W3 [0, £], then it holds 


2; < 12 2 2 11 11 
lz ro,e < ellu AGA T z Wlz,10,e1° (11.11) 


where € > 0 can be chosen arbitrarily, provided it is sufficiently small: € < £. 


Proof We prove first the estimate for continuous, piecewise continuously differen- 
tiable functions. Let us denote by xmin one of the the points at which |u| attains the 
minimum, then it holds 


x 


ju(x)|? < |u(xmin)|* +2Re | u(y)u' (y)dy 
—— 


2 Xmin 
< |lull"/e 
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and hence 


u(x)? < pèt +2 f lu) lu )ldy 


Xmin 


2 7 2 1 : 2 
< lull" /é +e A lu Q)|"dy + z A |u(y)|"dy 


2 1 1 2 
< e||u FAA + Z + z lz. ,10,¢)- 


Taking into account that € is positive and less than £ we obtain (11.11). 

It remains to note that continuous piecewise continuously differentiable functions 
form a dense subset in WA [0, £] and hence estimate (11.11) holds for any function 
from W3[0, £]. o 


The obtained estimate will be used for sufficiently small values of €, more 
precisely estimates with € tending to zero will be interesting for us. Therefore the 
restriction € < £ is not essential. It is important to remember that, taking smaller 
and smaller values of €, the coefficient in front of ||u||? increases. 

The estimate (11.11) can be generalised for the case of metric graphs as follows 


2 < 12 2 2 11 12 
viz cay < Elle lzm + z lull)» (11.12) 


provided u € wl (T) without any required vertex conditions and € < min, where 
Lmin denotes the length of the shortest edge 


lnin= min Lp. (11.13) 
n=1,2,..,N 


The obtained estimate may be improved taking into account topological properties 
of the metric graph and vertex conditions. For example, in the case of standard 
vertex conditions the estimate holds for e€ less than the diameter of the metric graph. 
The diameter is the longest distance between any two points on the metric graph. 


Problem 43 Prove the Sobolev estimate (11.12) for € less than the diameter of the 
metric graph I’, provided the function u € w1 (T \ V) is in addition continuous at 
the vertices. 


11.1.3 The Perturbation Term Is Form-Bounded 


Our immediate goal is to estimate the second and third terms in the quadratic form 
expression (11.9) in order to show that the form is semibounded. 
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The second term can be estimated as follows. Inequality (11.11) implies that 


i q(x)|u(x)|?dx 
En 


< llallzyce,) max |u(x)/? 
xEE, 
12 2 2 
< lgliz En) | €llu ILE) ag zlulzaE) . 


Hence we have 


N 
De q(x)|u(x) dx 
E 


n=1 n 


2 
< lgliz) (eika + Z lulk,a) , (1.14) 


of course provided € < min- 
Under the same assumption on € the third term satisfies 


M 
do (Pr uV"), A" PEU” can 
m=1 


M 
< So dmll A” (lull, (11.15) 


m=1 


M 
2 
< 2 amta") (aiko + z lal?aa) , 
m=1 


where dm is the degree of the vertex V”. Note that the obtained estimates (11.14) 
and (11.15) are far from being optimal. 
Let us consider the quadratic form Q Ls (u, u) as a perturbation of the Dirichlet 


Os 
form lulz m: 


Qrs (u, u) = |lu’ lZ) + Bis, u). (11.16) 


We have proven that the perturbation term 


M 
Bys(u,u) := i q(x)lua)Pdx + J (P AOV"), A” PMV") en 
p m=1 


(11.17) 


possesses the estimate 


M 
2 
|Bis(u,u)| < (>: dm||A™ || + lati) (eika + =i) . 
m=1 
(11.18) 
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This inequality has two important implications: 


1. The perturbation term is infinitesimally form bounded with respect to the 
Dirichlet form [442]. 
2. The constant K in (11.10) can be chosen equal to 


M 
2 
K= (>: dm ||A™ || + tals) ark (11.19) 


m=1 


where € < Lmin satisfies in addition 


ie E 
e25 (>. dmll A” || + tals) 


mæl 
With such e and K we have the two-sided estimate: 


3 
le Iegcry + lulzar) < Qis% w) + Kluli) < 3 lulz + 2K lulio): 
(11.20) 


: | 
2 


In other words, expression (11.10) determines a norm, which is equivalent to the 
Sobolev w3 -norm: 


2 2 2 
lel = lulli F lulla) 


Our next goal is to determine the domain of the quadratic form—the closure of 
Dom (L$) with respect to the quadratic form norm introduced above. It is natural to 
study first the closure of the Dirichlet form. 


11.1.4 The Reference Laplacian 
Consider the Dirichlet form 
le’. = [ lu! Pax (11.21) 


defined on the functions u € Dom (L$ (T)). The quadratic form is not closed on 
this domain and our aim is to determine its closure. We may restrict the quadratic 
form further by considering just smooth functions u € C™(E,,) satisfying the given 
vertex condition, which we write as a combination of generalised Dirichlet and 
Robin conditions (see formulas (11.3) and (11.7)). 
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Consider any Cauchy sequence u; € C% (T \ V) such that |u; — u; || wi(r\v) > 
0. It follows that |u; — uillzaT) —> 0 and lu’ —u'llL.r) —> 0 and therefore 
the limiting function as well as its first derivative are square integrable. In other 
words the limit function belongs to w3 (T \ V). Every such function is continuous 
on each edge, therefore the generalised Dirichlet conditions (11.3) are preserved. 
The generalised Robin conditions (11.5) disappear, since the functions from w1 are 
not necessarily continuously differentiable. Summing up, the closure of the positive 
Dirichlet form is defined by the same expression (11.21) on the domain of functions 
from w1 (T \ V) satisfying just the generalised Dirichlet conditions (11.3). 

In the next step we calculate the self-adjoint operator associated with the closure 
of the Dirichlet form. Consider the sesquilinear form 


(u', v’) 


assuming that u and v are in the domain of the quadratic form. The domain of the 
corresponding operator is given by all v such that the sesquilinear form determines 
a bounded linear functional with respect to u in the Hilbert space norm: 


(u',v') < Colullt n). (11.22) 


Taking first u € Cj°(T \ V) we see that (11.22) holds only if the generalised 
derivative of v’ lies in L2(T), i.e. if v € W3(\V). Consider now any u € WA (T\V) 
satisfying the generalised Dirichlet condition (11.3); one may integrate by parts in 
the sesquilinear form to get 


M 


(u,v) = f u(x)(—v" (x))dx + Sa, OU") cam 
F 


m=1 


M 
= i u(x)v" (x)dx + Vea, P™ 00”) cam 


m=1 ma 
M 
+ opm, PP 88") can 
m=1 


The integral term gives a bounded functional with respect to u. Hence the sesquilin- 
ear form determines a bounded functional if and only if 


(Pe PIÙ”) Cam 


are bounded functionals with respect to the L2-norm. The functionals u œ> u” 
are not bounded, since square integrable functions are not necessarily bounded (see 
estimate (11.11), where € could be taken arbitrarily small but not equal to zero). 
Therefore we get a bounded functional only if v satisfies the generalised Neumann 
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condition 
pay" =0 (11.23) 
= =v. š 


Summing up, the self-adjoint operator corresponding to the closure of the Dirichlet 
form is the Laplace operator defined on the functions from w2 (T \ V) satisfying 
generalised Dirichlet (11.3) and generalised Neumann (11.23) conditions at the 
vertices. These vertex conditions are scaling-invariant and sometimes are called 
non-Robin. This operator will play the role of a reference operator, when spectral 
estimates for quantum graphs will be derived. Using our notations, the reference 
operator can be written as LSY), where following (3.31) we introduced the high 
energy limit of the vertex scattering matrix 


Sy (co) = jim Sv&) =I- 2P, 


where P_; = bD 1 P”. The matrices S¥’ (oo) have eigenvalues —1 and 1 and the 
corresponding eigensubspaces are p™ Cam and pa Cn , Hence the functions from 
the domain of LS» ©) satisfy precisely the Dirichlet and Neumann conditions (see 
(11.3) and (11.23). 

Note that the operator LS coincides with LS only if S is Hermitian. In 
general, substituting S with S,(oo) may change the topology of the described 
system—the metric graph corresponding to LSv°) may be slightly different from 
the original graph I’. The original matrix S has block structure, each block associated 
with a vertex in the graph I. Therefore the limiting matrix Sy(oo) also has block 
structure, but the blocks in it could be finer than those in S. We have already met 
this phenomenon in Sect. 9.3.3. 


Example 11.2 Consider the 2 x 2 unitary matrix 


1f/1+il-i 
S=- : 
Gti A 
The eigenvalues are 1 and i 


S= 1 Pa, +i Pa,-1), 


where Pa, and Pa,—1) are the orthogonal projectors on the corresponding 
eigenvectors (1, 1) and (1, —1) respectively. It follows, that S,(co) is the unitary 
matrix with | as the double eigenvalue. Really, formula (3.20), or more explicitly 
(3.30) implies that 


ki +D+G-1) 


Sy(k) = 1Paj1) + kG +1)-G@-1) 


Pa,- >k>œ 1 Pa, + 1 Pa,- = 1. 
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The limit matrix S,(oo) describes not a single vertex of degree 2, but two 
independent degree one vertices with Neumann conditions. 


Let us denote by © the metric graph corresponding to the new vertex scattering 
matrix Sy(oo). The graph © is obtained from the original metric graph IT by 
chopping all vertices, for which S% (c0) = limg— 9 SY” (k) has block structure. For 
future use we formulate the following definition, which involves the Schrödinger 
operators with maybe non-zero potentials. 


Definition 11.3 Let L3(T) be a Schrödinger operator on a metric graph F with 
vertex conditions determined by the matrix S. Let Sy(co) be the high-energy limit 
of the vertex scattering matrix and © - the corresponding metric graph obtained by 
chopping (if necessary) certain vertices in T so that the vertex conditions determined 
by S,(co) are properly connecting for r°. Then the non-Robin Laplace operator 
LS (TP) = LS) (T) is called the reference Laplacian for the Schrödinger 
operator LŠ (T). 


Note that the Hilbert spaces L2 (T) and L2(T°°) can always be identified, since 
these metric graphs have the same set of edges. The reference operator will play 
a very important role in spectral estimates, where the spectrum of the Schrödinger 
operator will be compared to the spectrum of just the reference Laplacian. 

It will be convenient to distinguish vertex conditions that do not lead to a different 
reference graph: 


Definition 11.4 Vertex conditions are called asymptotically properly connecting 
if the high energy limits of all vertex scattering matrices S¥ (oo) are irreducible, i.e. 
ifT° =P. 


Definition 11.5 Vertex conditions are called asymptotically standard if and only 
if Sy(oo) = S*(T™), where S$t(T°°) is the unitary matrix determining standard 
vertex conditions on T°. 


Note that we do not require that Sy(oo) = S*(T) for vertex conditions to be 
asymptotically standard. If this is the case, then the vertex conditions are called 
asymptotically properly connecting and standard. 


Problem 44 Consider a degree three vertex. Provide examples of properly connect- 
ing vertex conditions, such that in © the vertex splits into: 


e three degree one vertices; 
e one degree one and one degree two vertices. 


Give an example of asymptotically properly connecting vertex conditions. 


Problem 45 How to describe all asymptotically standard vertex conditions? 
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11.1.5 Closure of the Perturbed Quadratic Form 


We return now to the operator LST ) and the corresponding quadratic form norm 
given by (11.10), where the constant K is chosen as in (11.19). For simplicity, let 
us consider this norm not on the domain of LS(T), but on the space of smooth 
functions C% (T \ V) satisfying vertex conditions with the parameter matrix S. 
These conditions can be written as a combination of generalised Dirichlet and Robin 
conditions: (11.3) and (11.5). 

The estimate (11.20) implies that the closure of this domain with respect to the 
quadratic form norm of L? and with respect to the Dirichlet form just coincide. 
Hence the quadratic form (11.9) is closed on the set of Ww (T \ V)-functions 
satisfying just generalised Dirichlet conditions (11.3). As before, the Robin part 
of vertex conditions disappears. The difference is that the Robin part can be 
reconstructed taking into account the terms involving the matrices Aj». 

Let us summarise our studies: 


Theorem 11.6 Let T be a finite compact metric graph and let q € Lı (T). Then the 
quadratic form of the operator L% is defined on the domain Dom (Qrs)of functions 


from w1 (T \ V) satisfying the generalised Dirichlet conditions (11.3) at the vertices 
and is given by the following expression 


Oru = | (OPHOU) dx 
Tr 


M 
+ JO (Pr uO"), A” PP (VY) cam. (11.24) 


m=1 


We have already mentioned that there is a one-to-one correspondence between 
semibounded quadratic forms and self-adjoint operators. Let us see how the 
unique self-adjoint operator LS can be reconstructed from its quadratic form Q LS- 
Assume that the quadratic form is known and therefore is given by the expression 
(11.24) on the domain of functions from wi (T \ V) satisfying the generalised 
Dirichlet conditions (11.3). Assume that u, v € Dom (Q Ls); then the corresponding 
sesquilinear form is 


Orgu, v) = Í (VEW a) + quw) ) dx 


M 
+ YO (Pr uO”), A” PPE ™ om. (11.25) 


m=1 


The domain of the operator consists of all functions v such that (11.25) defines a 
bounded linear functional with respect to u i.e. an estimate similar to (11.22) holds. 
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Consider first u € C>°(I \ V), then the form is equal to 


Ojs(u, v) = / Wu (x)dx + f q(xut@u(x)dx. 
4 r r 


Using generalised derivatives, one may write that this sesquilinear form determines 
a bounded functional only if 


— u" + qu € LHL) (11.26) 


holds. 

Assume now that u € C%(T \ V), i.e. u is not necessarily equal to zero in a 
neighbourhood of the vertices. We already know that (11.26) holds and hence v and 
its first derivative are continuous on each edge, this allows us to integrate by parts: 


M 


Qisu, v) = [oro + q(x)v(x)) dx — X (00V), OTV) can 
M m=1 
+ YO (Pr uV"), A” P™B(V™)) can 
m=1 


We already know that the integral term is a bounded functional. Taking into account 
that u satisfies the generalised Dirichlet conditions (11.3) the vertex terms can be 
written as 


M 
YOPAR hA P™LB(V™) — PM N ean (11.27) 


m=1 


Since the functionals u +> u(x;) are not bounded with respect to the L2-norm of u 
and the vectors Poy") are arbitrary, (11.27) determines bounded functionals if 
and only if 


A” P” o(V™) — P™au(v™) =0, 


which is equivalent to the generalised Robin condition (11.7). Hence the domain of 
the operator is given by the set of functions from wi (T \ V) satisfying (11.26) and 
vertex conditions (11.3) and (11.7) as expected. Provided v belongs to this domain, 
the quadratic form is given by 


Qis (u, v) = Í u(x) (—v" (x) + q(x)v(x)) dx, 
tinea 
= (t4v)(x) 


which shows that the action of the operator corresponding to the quadratic form is 
given by the differential expression t, as indicated above. 
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11.2 Spectral Estimates (Standard Vertex Conditions) 


The spectrum of the Schrödinger operator with L1-potential on a finite compact 
metric graph is purely discrete, since every such operator can be considered as 
a finite rank perturbation (in the resolvent sense) of the Schrödinger operator on 
the separate edges with Dirichlet conditions at all endpoints (so-called Dirichlet 
operator, see Definition 4.3 ). The aim of this section is to prove spectral estimates 
comparing the spectra of Schrödinger operators and the reference Laplacians, two 
differential operators acting essentially on the same metric graph.” The main reason 
for such studies is that the spectrum of a non-Robin Laplacian is much easier to 
calculate. Moreover as a by-product of our studies we shall prove a generalisation of 
the celebrated Ambartsumian theorem (see Chap. 14). It turns out that as in the case 
of a single interval the difference between Laplace and Schrödinger eigenvalues is 
uniformly bounded. The classical proof for this fact in the case of single interval 
relies heavily on the explicit formula for the resolvent kernel of the Laplacian 
[105, 381]. Since the corresponding formula in the case of metric graphs is not 
so explicit, we are going to use general perturbation theory. In particular the min- 
max and max-min principles giving explicit formulas for the eigenvalues will be 
exploited (see Proposition 4.19). 

Our immediate goal is to use Proposition 4.19 to estimate the eigenvalues of the 
Schrödinger operator through the corresponding Laplacian eigenvalues. This is an 
easy exercise if we assume q € Loo(I’), but we want to cover the most general case 
ofq € L(I). 


Problem 46 Assume that q € Loo(I'), show that the eigenvalue of the Laplace and 
Schrödinger operators satisfy the uniform in n estimate 
|An(Lq) — An (L° < C, (11.28) 

where C is a certain constant independent of n. Can you give an explicit formula for 
C? 

If one takes into account that the eigenvalues satisfy Weyl’s law, one may prove 
that the square roots of the eigenvalues are asymptotically close: 
An (LÌ) — àn (L5) 


ka (LS) — k, (L5) = 0 
nl) — hull) = FE EES) woe 


(11.29) 


This observation motivates the following definition. 


2 These operators act on I’ and Pr respectively. 
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Definition 11.7 Two unbounded, semi-bounded self-adjoint operators A and B 
with discrete spectra {Àn (A)} | and {àn (B) X> respectively, are called asymp- 
totically isospectral if 


Jim (ViA) = Vin(B)) =0. (11.30) 


This definition makes sense only if the operators are unbounded, otherwise the 
requirement in the definition is too weak. To guarantee asymptotic isospectrality 
of quantum graphs it is enough if the eigenvalues satisfy the estimate 


làn (LS) — An (L5)| < Cn!™, ¢>0. (11.31) 


Our spectral estimates are stronger, but we prefer to use the notion of isospectrality, 
since precisely condition (11.30) will be used to prove that two generalised 
trigonometric polynomials have close zeroes if and only if the zeroes coincide. 

In order to make the presentation more transparent, let us discuss the case of 
standard conditions first and return back to the case of general vertex conditions in 
the next section. 


Theorem 11.8 Let L* and Ly be the standard Laplace and standard Schrödin- 
ger operators on a compact finite metric graph F and let the potential q in the 
Schrödinger operator be absolutely integrable, q € Lı (T). Then the Laplace and 


Schrödinger operators, L* and Li, are asymptotically isospectral, moreover the 
difference between their eigenvalues is uniformly bounded 


lAn (L®) — n (LI = CL, q), (11.32) 


where the constant C(T,q) depends on the graph F and the potential q, but is 
independent of n. 


We postpone the proof of the theorem and try to derive an upper estimate for 
Àn (L7) using a naive approach. In the case of standard conditions the quadratic 
form is 


Ogun = f wiPdx + f qouar, 
P r 


where u is arbitrary WA (T) function continuous at the vertices. The form can be 
estimated from above by 


Qralu, u) < Org (u, u) =>] Pax + f g4(x)|u(x)|7dx, (11.33) 
i r r 


where q+ is the positive part of the potential q: 


q(x) = 94(x) —q-(x), q(x) = 0. (11.34) 
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This step cannot be improved much, since the new estimate coincides with the 
original one in the case q is nonnegative. 


The idea how to proceed is to choose a concrete n-dimensional subspace yo , then 


the Rayleigh quotient will give not an exact value for A, (L3), but an upper estimate 
if formula (4.51) is used 


‘ Qrs(u, u) Ors (u, u) 
Àn (Lo) = min max 


~pa í Mx — ry 
v" uey” Iju ueVo lz || 


The only candidate for yo we have is the linear span of the Laplacian eigenfunctions 
y d corresponding to the n lowest eigenvalues 


v= c fyi”, orn ae (11.35) 


If q = 0 then this estimate gives the exact value for àn. Therefore it is natural to 
split the quadratic form as follows: 


Osu, u) u'|?dx x)|u|?dx 
aa (LS) a Jol i Sr a+¢ 2 | 
uey? llul] uey? [jul ueVo zal 


Then the first quotient is equal to àn (L) and the maximum is attained on 


If nothing about g is known, then to estimate the second quotient one may use 


2 
[acowPax < llg+lz (max uoi) . (11.36) 
r xer 


We need to estimate |u(x)|*, provided u = pam ajy T The Laplacian eigenfunc- 


tions we possess the uniform upper bound 


Lt L 
Yr I s< elyy lan, (11.37) 
where the constant c depends on the graph I’ only. To prove this one may use the fact 


that every Laplacian eigenfunction w is a sine function on each edge and therefore 
admits 


5 * 1 Fk] 2x 
TIRS = J wo dx > (rwol) a] = 
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and take into account that the eigenvalues satisfy Weyl asymptotics implying that 
[4] may be equal to zero just for a finite number of eigenfunctions. 


We get the following explicit estimate for the second quotient 


Jay tan +--+ t Anl? 


Sr q4@) lux 
x 2 2 2" 
lay| + |a2| +--+ læn] 


uey? lull? 


2 
< lig+ llt rye? max 
J 


The maximum is attained when all alpha are equal, for example if aj = a2 =--- = 
1, leading to 


q+(x)|u\?dx 
n racers < ligy Ten. (11.38) 
uE n 


It follows that 
An (LS) — An(L") < lgl? n, (11.39) 


i.e. we do not get an estimate uniform in n—the estimate grows linearly with n. The 
reason is the splitting of the quadratic form of Le into two parts. The maxima of the 
two parts are realized on intrinsically different vectors: the first term is maximized 
ifu = wh, while since nothing is known about the potential all eigenfunctions 
may play the same role in the second estimate. This is the reason why the obtained 
estimate is not optimal. Let us prove the theorem getting a uniform estimate in n. 


Proof of Theorem 11.8 It is enough to prove the theorem for any fixed total length 
L, therefore we assume that £ = x in order to simplify formulas. The proof is 
divided into two parts proving upper and lower estimates separately. 


Upper Estimate As before we use the estimate 


: u'\?dx + u|2dx 
an (Lt) < max Jr le Jr a ea (11.40) 
ueVo ||| 


where V? is defined by (11.35). Every function u = ee æj we from V? can be 
written as a sum u = u + u2, where 


Ls LS Le 
ui := ayy ayy +--+ An—p-1Vq_p> (11.41) 


. LS Lt s 
u? : On—pWr— p+1 + On— pti Vr- p+ +:--+anw, 


Here p is a certain natural number to be fixed later (depending on T and q), therefore 
as n increases the first function u; will contain an increasing number of terms, while 
the second function will always be given by a sum of p terms. 
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Using the fact that g is nonnegative we have 


faia + uy|*dx < af qlm Pdx +2 f g4|ua|-dx. (11.42) 
p F F 


Then taking into account that u; and u2 as well as u4 and wu’, are mutually orthogonal 
we arrive at 


Organ) < f wiPax+2 f ayinPar+ f madx +2 f qyluadx. 

4 r iy r F 
eee ee ee eee 

= Org (1, 11) = Org (u2, u2) 
To estimate the first form we use the Sobolev estimate (11.12) 
Qi way = f iwiPdx +2 f getalax 
ats r r 4 

< (1+ 2elaelle) | uas + lasla f iPas 


l 4 
< (a + 2ellg+ llr T))An-p(L") + flasin) luilla): 
The key point is that € can be chosen in such a way that 


4 
(1 + 2ellqg+ IlL T) )Àn-p + glali o) < Àn 


holds. This will be shown later. 
On the other hand, our naive approach (11.38) can be applied to the second form 
with the only difference that the number of eigenfunctions involved is p, not n 


Ory (02,42) < (an(L") + 27a lle?) lulo: 


Putting together the obtained estimates we get 


; 4 
Qr, u) < (a + 2ellg+ lL T)An-p(L") + tlan) luilla 


+ (aa L + 2al p) leall gery 


< An(L llul? a + 2€7 lag lec pluli T 
~(an(")- (1+2¢€ [194 Il, (ry) An—p (L) — z lastno) alt: 
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We would get the desired estimate 


” Qra(u, u) m 5 
ite) 2 max Cul ay (11.43) 
0 
ueVo lulz T 


with C = 2c?||q4 lz,(r) p if we manage to prove that 


4 
An(L*) — (1 + 2€ [194 lly) An—p(L5) — glali o >0 (11.44) 


for a certain € that may depend on n and a certain p independent of n. We use the 
following two-sided estimate for Laplacian eigenvalues proven in Sect. 4.6 


(n — M) < dn (L*) < (n + NY’. (11.45) 


Let us choose € = 1/n, this gives us 


: : 4 
An GBs a d + 2ellq+ ll T) An-p(L® nal zlar 
= An(L") — (1+ 2/nllq+ll L T) Àn-p(L® — 4nllq+ llt) 
> (n— MY — (1 + 2/nllq+ iin) — p+ NY? — 4nllgs ini 
=2n (p -M -N —3llg+llz,a) + 00). 


We see that for any fixed integer p > M+ N+3]||q+||L,(r) the expression is positive 
for sufficiently large n and the difference between the eigenvalues possesses the 
uniform upper estimate 


An(LG) — An(L") < C. (11.46) 


If one is interested in the difference between the eigenvalues for large n only, then 
the constant C can be taken equal to 


C =2ċlqlL M +N 4+3llaiina + D, (11.47) 


but this value of C may be too small in order to ensure that (11.46) holds for all n, 
since proving (11.44) we assumed that n is sufficiently large. The later assumption 
does not affect the final result, since for a finite number of eigenvalues estimate 
(11.46) is always satisfied, but the exact value of the constant C may be affected. 


Lower Estimate To get a lower estimate we are going to use the maxmin principle 
(4.52). The first step is to notice that 


Oru = f Moar- f q- ua) Pax. (11.48) 
Tr r 
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Using the same subspace ye 1 we get 


Qis(u, u) 


Àn (L) = nn =a 
t uly? | elec 


Since u is orthogonal to v? it possesses the representation 
[0,0] 
L‘t 
u= > Qj Vj : 
j=n 
As before let us split the function u = u; + u2 


Lt Lt Lt 
uj i= An Ya F An+1 Way moea An+p-1Vn+p-1> 


i st (11.49) 
Anpi p A Ont ptt Wi ptl eee 


Ua.: 


Note two important differences: 


e the function u; is given by the sum of p terms, where the number p independent 
of n will be chosen later, so the functions u; and uz exchange their roles; 

e the function uz is given by a series, not by an increasing number of terms as the 
function uw, in the proof of the upper estimate. 


Using the fact that q— is nonnegative we may split the quadratic form 


Qy (u, u) > | mpax-2 f q-upax+ f madx —2 f q-uaÊdx. 
r T p T 
—_—_ a a 
= Ort. (u1, u1) = Ore, (u2, u2) 


Now the first function uw; is given by a finite number of terms and the following 
estimate can be used 


Ors, (wim) = (M - pllg-lizic) alsa (11.50) 


To estimate the second form we use (11.36) and the Sobolev estimate (11.12) for 
max |u(x)|?. We get 


2 
Ors, (ur, ua) = llull}, — 2llg- lz, max [u20]? 
2 2 2 2 
> le, — 2l- lz, (elui, + 21212, ) 


4l- ll; 
-— 1 |4 


= (1 — 2ellq- lz), 2l, 
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Taking into account 


gE, = Ant p(L§)llwallz, (11.51) 


we arrive at 


a lala 
Ors, (u2,u2) > (0 - zela- lro oe D ) luzi. 
(11.52) 


Summing the estimates (11.50) and (11.52) and taking into account that 
u22, = lul, — will, we get 
Ors(u,u) > (An (L) — 2c? plig=ll,) leillz, 
; 4llq—ll 
+ (0 = 2elg-hr Ane p (LB) — 2) lul, 
> An(L&) lull, — 2c? pllq— lhe lul, 
s 4llq—ll ; 
+ (C1 = 2€llg— ane pL) — Et = An- (LD) lal, 
As before, to prove the desired uniform estimate it is sufficient to show that for large 


enough n the following expression can be made positive by choosing an appropriate 
€: 


4liq- lz, 
€ 


(1 — 2ellq- Iz, )An+p (ZL) — — àn (LÏ) > 0. (11.53) 


Again we use (11.45): we substitute An+) (LÐ with the lower bound and Àn (LO) 
with the upper. As before we choose € = 1/n, so the left-hand side of (11.53) 
becomes 


(1 — 2ellq-llz)An+p (LÐ — £la- liz, — An ES) 
> (1 —2\lg-Ilz,/n)\(n + p — M)? 
—4n]lq- liz; — (n + N)? 


=2n(p- M -N -3lq-lz,) +O. 


If p > M +N + 3|lq_\lz,, then for sufficiently large n the expression is positive, 
hence the following lower estimate holds 


An (L3) — àn (L0) = C, (11.54) 


where the exact value of C is determined by the difference between the first few 
eigenvalues as described above. Here we use (11.31) with € = 1. o 
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If we are interested in large values of n only, then we have an explicit formula 
for the constant C(I, q) given by (11.47). 


Problem 47 The constant C appearing in (11.32) for sufficiently large n can be 
taken in the form (11.47). On the other hand if q € Loo(I), then C can be taken 
equal to ||q||z,,(r). Which expression provides the best value and why? 


Problem 48 Show that Theorem 11.8 holds for non-Robin vertex conditions. 


11.3 Spectral Estimates for General Vertex Conditions 


As the title of this section indicates we are going to prove spectral estimates in the 
case, where the vertex conditions are not assumed to be standard. The most general 
class of vertex conditions described in Chap. 3 will be covered. 

Assume that a finite compact metric graph I’, a real Lj-potential q € Li (I) 
and unitary irreducible vertex matrices S” are given. Then the corresponding self- 
adjoint Schrödinger operator L3(T) is defined using Definition 4.1. The spectral 
estimate we are going to prove resembles very much the estimate (11.32) with the 
only difference that the constant C should obviously depend not only on the graph 
T and potential q, but on the vertex conditions as well. We did not consider the 
most general vertex conditions in the previous section just in order to simplify our 
presentation. What we need now, is just to go through the proof and amend all 
necessary formulas. 

For the estimates we used quadratic forms, hence instead of the matrices S’” 
we need to consider the corresponding Hermitian matrices A” appearing in the 
generalised Robin conditions (11.7). Every Hermitian matrix can be written as a 
difference between two positive matrices 


A” = A} — A”, (11.55) 


where A” are defined using the spectral representation of A” 


A™= J) AnA”) (Ens + Yen, 


An(A™)#0 


as follows 


Av = 5 Àn (A”) (ën, : Jên, 
An(A™)>0 
A” = YO An(A™)(@n, -ên 


An(A™) <0 


(11.56) 
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Let us analyse which ingredients were crucial for the proof of Theorem 11.8: 


1. 


2. 


3. 
4. 


5. 


explicit estimates for the perturbation term from below and from above (11.48) 
and (11.33); 

the estimate (11.36) for the perturbation term bounding it from above by 
||| 2 x(V? 

the inequality (11.42) allowing to split the sum into two terms; 


Sobolev type inequality (11.12) allowing to estimate the Loo-norm of a function 
through its w1 -norm; 


the estimate (11.37) for the Laplacian eigenfunctions. 


The proof can be carried out without major modifications, provided the above 


mentioned estimates hold. One might need to amend the constants as described 
above. 


1. 


The lower and upper bounds (11.48) and (11.33) for the perturbation term can be 
modified as follows: 


M 
J Pax- f au Pax- PPr EN”), AN PIEN ™)oa 
r r 


m=1 
~ 


= B, u) 


M 
< f wooPar+ f qolu Pdx + P PrE), A" PEEV oun 
r i 


m=1 


= Q;stu, u) 


M 
< | wieoPas + f Ou Pdr + YPM, APETV) om 
p i 


m=1 


=: Bis (u, u) 
(11.57) 
Note that the quadratic forms Bre do not depend on the negative part g_ of 
q 


the potential q and on the negative part A” of the matrix A”. Similarly, Big is 


independent of q+ and A’’. 


. Taking into account that all functions from the space W3 (T \ V) are continuous 


on every edge in IT we may modify (11.36) as 


Bi, (u, u) 


s 
q 


M 
< (emo +) amati) luli o 


m=1 


m (11.58) 
< (i ILT) + 5 dml| A” ) luli ary: 


m=1 
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3. Taking into account nonnegativity of q+ and A“! we generalise estimate (11.42) 
as 


Bis (ui + u2, u1 +42) < 2Bis (u1, u1) + 2B 3 (u2, u2). (11.59) 
4. The estimate (11.12) is valid without any modification, since the vertex condi- 
tions were not used in its proof. 


5. The estimate (11.37) is valid as well for the same reason. 
Therefore we may just repeat the proof of Theorem 11.8 to get: 


Theorem 11.9 Let LST) be an arbitrary Schrödinger operator on a compact 
finite metric graph I with absolutely integrable potential q € Lı(T) and unitary 
irreducible vertex matrices S”,m = 1,2,..., M. Consider the high energy limit 
of the vertex scattering matrices S\" (oo) and the corresponding reference Laplace 
operator LSv‘) defined on the graph T®. Then the Schrödinger and the refernce 
Laplace operators are asymptotically isospectral, moreover the difference between 
their eigenvalues is uniformly bounded 


làn (LSC (P™)) — An(LS(P))| < CC, q, S), (11.60) 


where the constant C (T, q, S) depends on the graph T, the potential q and the vertex 
matrix S, but is independent of n. 


Proof As we already mentioned the proof of Theorem 11.8 can be repeated without 
major modifications. As a result one arrives at the conclusion that the spectrum of L$ 
is close to the spectrum of the self-adjoint operator corresponding to the quadratic 


form 
1 lu" (x)| dx 
r 


with the domain of functions from WA (T \ V) satisfying the generalised Dirichlet 
conditions (11.3) at the vertices. The self-adjoint operator corresponding to this 
quadratic form is the Laplace operator defined on the functions from W2 (T \ V) 
satisfying both generalised Dirichlet (11.3) and generalised Neumann conditions 
(11.23) at the vertices. To write such vertex conditions in the form (3.21) one has 
to substitute the unitary matrix S with the high energy limit of the vertex scattering 
matrix Sy (oo). o 


The main difference between the Theorems 11.8 and 11.9 is that the reference 
Laplacian is not the standard Laplacian on the same metric graph T, but is the 
Laplace operator on the graph T° with the vertex conditions given by (11.3) and 
(11.23). Hence the reference Laplacian is not necessarily a standard Laplacian on 
T. Of course, if the vertex conditions in LŠ are asymptotically properly connecting 
and standard, then the reference operator is just the standard Laplacian on I. 
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Problem 49 Consider the cycle of length m with a single degree two vertex. 


Assume that the vertex conditions are given by the matrix S = 5 ( is : ' F 7 
—i i 


from Example 11.2. Show that the spectrum tends to the spectrum of the Neumann 
Laplacian on the interval [0, 7]. 
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Chapter 12 A 
Spectral Gap and Dirichlet Ground State gss 


This chapter is entirely devoted to the studies of the lowest non-trivial eigenvalue 
of operators on graphs. For standard Laplacians on connected graphs the lowest 
eigenvalue is à} = 0 and we shall be interested in 42, which coincides with the 
spectral gap A2 — 41. For Laplacians with Dirichlet vertices it is already non-trivial 
to calculate the ground state 1; > 0. To study these quantities similar methods can 
be used: Eulerian path and symmetrisation techniques, Cheeger’s approach, surgery 
principles. Most of these methods work for Schrödinger operators but in order to 
illuminate connections between spectrum and topology/geometry we shall focus 
on standard and Dirichlet Laplacians. The methods developed will be extended to 
higher eigenvalues in the following chapter. 


12.1 Fundamental Estimates 


Our first step is to obtain a fundamental estimate for the spectral gap in terms of the 
total graph length £(I). For standard Laplacians the eigenvalues are decreasing as 
œT? as the lengths of the edges are scaled by factor a > 1, hence it is clear that 
the estimate should contain the factor £~*. Alternatively one could study graphs 
having fixed total length, say £ = z. There are two alternative methods to prove the 
estimate: via symmetrisation technique or using Eulerian cycles. Both approaches 
will be presented. 


Theorem 12.1 LetT be a connected finite metric graph with the total length L(I). 
The spectral gap for the standard Laplacian on T can be estimated as follows 


2 
a(t) = (=) (12.1) 
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Remark 12.2 It will be clear from the proof that the obtained estimate is sharp, 
since the equality is attained if the graph T is given just by one interval. 


This theorem has been proven independently by different authors: S. Nicaise 
[399, 400], L. Friedlander [225], P. Kurasov and S. Naboko [343]. We are going 
to present two proofs of the theorem based on two different techniques: Eulerian 
paths and symmetrisation. The first technique treats a metric graph as a geometric 
object and is rather illustrative. The second technique is based on the coarea formula 
and therefore establishes a bridge between quantum graphs and partial differential 
equations. 


12.1.1 Eulerian Path Technique 


In this section we follow closely the article [343], where the Eulerian path technique 
was first presented. Essentially the same method was described by S. Nicaise 
without exploiting Eulerian paths. 


Proof of Theorem 12.1 Using Eulerian Path Technique The first nontrivial eigen- 
value of L*(T) can be calculated by minimising the Rayleigh quotient (see 
Proposition 4.19) 


flu) Pax 


where the minimum is taken over all admissible functions u: belonging to the 
Sobolev space WA on every edge and continuous on the whole I’. Note that one 
may extend the set of admissible functions by allowing continuous piecewise wl- 
functions—this will not change the minimiser. 

The first nontrivial eigenfunction w2 is a minimiser of (12.2) and therefore 
satisfies 


Sr lWi@)Pdx 


MIE EA 


(12.3) 


Consider the graph rT?—a certain “double cover” of [—obtained from I by 
doubling every edge (see Fig. 12.1). The new edges have the same lengths and 
connect the same vertices, so that the set of vertices is preserved. The corresponding 
vertex degrees are doubled—this will become important soon. 

Let us lift up the function y2 from L2(T`) to the function Wo € LT?’ ina 
symmetric way by assigning it the same values on any new pair of edges as on the 
original edge in I. More precisely, consider any edge E„ € IT and let us denote 
by E’, and E” the corresponding edge pair in I. It is natural to use the same 
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Fig. 12.1 Doubling the 
edges 


parametrisation of the intervals E,,, E/,, and E”. Then we have 
Vole, = Valen = Ylen- 
The function Wo obtained from y» in this way obviously satisfies 


_ Jel% dx 


A2(T) 7 f 
fo Wa) Pax 
where both the numerator and denominator gain factor 2 compared to (12.3). 

Every vertex in T? has even degree and therefore there exists a closed (Eulerian) 
path P on T? coming along every edge in I? precisely one time [181, 267].! The 
path may go through certain vertices several times. The path can be identified with 
the loop Syr,r) of length 2£. The loop itself is a metric graph and we consider 
the corresponding standard Laplacian L*(S2c(r)). As before, the ground state for 
L*(Soccry) is Ay = 0 and to calculate the spectral gap the Rayleigh quotient can be 
used. The set of admissible trial functions consists of w1 (S2cr)) functions having 
mean value zero. 

The function Wr defined originally on the graph I’? can be considered as a 
function on the loop Sz¢,r). It is a continuous and piece-wise w function with 
zero mean value and therefore gives an upper estimate for the Laplacian eigenvalue 
on the loop 


Sse Wi@Pdx 


boga = = 
E Tg. Wale Pax 


(T). 
2 
We obtain the result by noticing that à2 ($22) = (zis) . o 


In fact we have proven that the minimum of the spectral gap (among all graphs 
of the same total length) is realised by the single interval of length £, Icqr). This is 
due to the fact that 


A2(S2ccr)) = A2Uccr))- (12.4) 


' This result can be traced back to the famous Seven bridges of Königsberg problem solved by L. 
Euler in 1736. 
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Moreover, the graph Iç is the unique minimiser—this will be proven in Sect. 14.1.2. 
Remember that the first eigenvalue for the loop is doubly degenerate, while it is 
simple for the interval. 

The cycle Sz¢ can be obtained from T? by chopping its vertices into degree two 
vertices—this way to obtain spectral inequalities is known under the name surgery 
of graphs and will be described in details in Sect. 12.5. 


12.1.2 Symmetrisation Technique 


In this section we follow closely the article [225], where symmetrisation technique 
[286] was applied to obtain estimates for the spectral gap for the standard Laplacian. 


Proof of Theorem 12.1 Using Symmetrisation The main idea of the method is to 
introduce a special transformation mapping functions from L2(T) to functions from 
L»2[0, £] and use it to compare the eigenvalues of the standard Laplacians L*(T) 
and L*([0, £]). 

The spectral gap for both operators coincides with the energy Az of the first 
excited state. Let y2 be such excited state for the operator L*(T). This is a 
continuous function on a compact graph I’, let us denote the points of minimum 
and maximum for (x) by Xmin and Xmax- 

The symmetrized function y* on the interval [0, £] is the unique nondecreasing 
continuous function such that 


W* (0) = W2tmin), Y*(L) = y2(Xmax) 
and 
m(t) := measure {x € I : w(x) < t} = measure {s e [0, £L] : Y* (s) < t} : 
The function y* constructed in this way satisfies 


L 
[ Wears Í W(x) dx (12.5) 


and 


L£ 
o= f Woods = f w*(x)dx, (12.6) 
F 0 
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where the left equality comes from the fact w2 is orthogonal to the constant function, 
which is the ground state. The measure satisfies 


1 
Os e aay (12.7) 
xiW2(x)=t Wp (x) 


This formula holds for all t which do not coincide with the local minima and maxima 
of y2 and the values of y at the vertices. The formula is obtained by summing up 
contributions from different preimages of t under y2(x). The number of preimages 
is finite, since y satisfies the eigenfunction equation on each interval. Let us denote 
the number of preimages by n(t). Obviously 


n(t)>1,  W2@min) < t < Y2(Xmax), (12.8) 


since the function y2 is continuous. 
The co-area formula (see for example [76]) implies 


W2(Xmax) 
Joa f X olat. 


2(Xmin) xy (x)=t 


Using the Cauchy-Schwarz inequality 


we get the estimate 


1 1 
Y woz Yo ——] = — 
xo@)=t nto V2 ame) 
at 12.9 
inp a 


where we first used (12.8) and then (12.7). Therefore we have 


Ya (Xmax) dt 
f wicorax >f (12.10) 
r 


W2 (Xmin) m' (t) 


Precisely the same argument can be applied to the function y* with the only 
difference that all inequalities turn into equalities and there is no need to use (12.8). 
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Finally we get: 


L 
J oa> f lw*’(s)|7ds. (12.11) 
p 0 


Since the norms of the functions coincide, the Rayleigh quotients satisfy the 
estimates 


SPd fo W Ods 
Sp l¥2@)Pdx ~ fE ly*(s)2ds 


- —— ama 
=(L*T)) > a (L*([0, LD) 


(12.12) 


The left quotient gives us precisely à2(L*(T)), while the right quotient is an 

upper estimate for A2 (L*([0, £])), since y* is an admissible trial function for the 

quadratic form of L*([0, £]) and is orthogonal to the ground state—the constant 

function (see (12.6). The precise value of A2(L‘((0, £])) in accordance with 

Proposition 4.19 is given by à2(L*([0, £])) = miny 1 Sy wea = (z). We 
Jo: \u@) Pax 

get estimate (12.1). o 


The proven estimate is fundamental in the sense that it is valid for arbitrary 
compact finite metric graphs independently of their topological and geometrical 
properties—everything is determined by the total length £. Both methods show that 
the estimate is sharp and equality is attained for the graph formed by just one interval 
of length £. 


12.2 Balanced and Doubly Connected Graphs 


The obtained estimate can be improved if the original graph I possesses special 
properties. For example if we assume that the graph is balanced, i.e. all vertices 
have even degrees, then there is no need to consider the “double covering” and Euler 
theorem can be applied to the graph T directly. * We say that a metric graph is doubly 
(edge) connected if to make it disconnected one has to remove at least two edges. 
Such graphs are also called bridgeless, since a bridge is an edge removing which 
makes the graph disconnected. Remember that only connected I are considered 


? Balanced quantum graphs were considered recently in connection with the momentum operator 
and asymptotics for resonances: 

e a momentum operator on a metric graph can be defined if and only if the graph is 
balanced [191], 

e asymptotics of resonances for a graph with leads is of Weyl-type if and only if every 
external vertex (i.e. a vertex to which external leads are attached) is not balanced [156, 157, 197]. 
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now. Every balanced graph is bridgeless, but the opposite implication is not always 
true. 


Problem 50 Construct an explicit example of bridgeless non balanced graph. 


Theorem 12.3 Let all assumptions of Theorem 12.1 be satisfied. Assume in addi- 
tion that the graph T is bridgeless. Then the spectral gap for the standard Laplacian 
on T can be estimated as follows 


x 2 
A(T) = 4 (=) é (12.13) 


Proof 


Eulerian Path Technique We prove a slightly weaker statement first: every 
balanced graph possesses estimate (12.13). 

Consider the proof Theorem 12.1 via Eulerian path technique. If the original 
graph I is balanced then there is no need to create a double cover graph [7—the 
original graph contains an Eulerian cycle and the length of this cycle is of course £ 
(instead of 2£ as for the double cover graph). Repeating the argument we obtain: 


Ssa W2 x) Pdx 


A2(S SS 
280) SF ards 


(1). (12.14) 


2 
Taking into account that à2 (S£) = (Hs) we get the estimate (12.13). 


Symmetrisation Technique Consider the proof of Theorem 12.1 using symmetri- 
sation technique. The proof was given in [282] for balanced graphs, but the same 
proof holds for bridgeless graphs [52]. 

If the graph is bridgeless, then any continuous function w attains almost any 
value at least twice. The exceptional values include the minimal and the maximal 
values W(Xmin), W(Xmax) aS well as the values of yy at some vertices. Hence the 
function n(t) satisfies the following inequality almost everywhere 


n(t) > 2. 
The inequality (12.9) can be written as 


1 
m(t) 


D Ono? 
x:W2(x)=t 


Integration gives us 


Wa (Xmax) dt 
f Iœ) dx > af 
r 


Palmin) ME) 
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Fig. 12.2 Graph 'g.4): loop 
with two intervals attached 


instead of (12.10). We got an extra factor 4, but no such factor appears for the 
function y*, hence 


L 
f 00 Pax >a [ iw" (s) Rds 


holds instead of (12.11). Considering the Rayleigh quotient and repeating the 
argument we obtain (12.13) for bridgeless graphs. 
oO 


The obtained estimate is again sharp, since we have equality in (12.13) if the 
graph is a loop. Among all balanced graphs of the same total length the loop has the 
smallest spectral gap. 

The proof via Eulerian path provides a clear pure topological explanation why the 
lower estimate is multiplied by the factor 4, while such explanation is more hidden 
if symmetrisation technique is used. On the other hand, symmetrisation technique 
allows one to easily prove the statement for bridgeless not necessarily balanced 
graphs. 


Problem 51 Calculate the spectrum of the standard Laplacian on the graph I'3.4) 
presented in Fig. 12.2 with the lengths of the loop and the outgrowths being equal 
to 2£/3 and £/6 respectively. 


Problem 52 Give a non-trivial example of a metric graph such that the n-th 
eigenvalue coincides with the n-th eigenvalue for the interval of the same length. 


12.3 Graphs with Dirichlet Vertices 


Another application of the obtained estimate are graphs with Dirichlet vertices. 
Consider a metric graph I with Laplacian L‘*P defined on functions satisfying 
Dirichlet conditions at one or more degree one vertices and standard vertex 
conditions at all other vertices. Considering Dirichlet conditions at just degree one 
vertices is not a restrictive assumption, since introducing Dirichlet conditions at a 
vertex of higher degree d > 1 decomposes the vertex into d degree one vertices 
(remember that we agreed to consider only properly connecting vertex conditions). 
Introducing Dirichlet conditions one has to be careful so that the graph remains 
connected (introducing Dirichlet conditions at a degree two vertex on a bridge 
disconnects the graph). The point à = 0 is not an eigenvalue anymore, since any 
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Fig. 12.3 Gluing two copies 
of a graph 


constant function satisfying a Dirichlet condition somewhere is identically zero. 
Therefore instead of the spectral gap 42 — A we are going to discuss possible 
estimates for the lowest eigenvalue A (Er )). 


Lemma 12.4 Let I be a connected finite compact metric graph and let L®P be the 
Laplace operator defined on the functions satisfying Dirichlet conditions at least 
one degree one vertices and standard vertex conditions at all other vertices. Then 
the ground state i (LPT) satisfies the estimate 


ML PT) > (=). (12.15) 


where L is the total length of T. 


Proof It is enough to prove Lemma in the case where there is just one Dirichlet 
vertex, since adding Dirichlet vertices increases the eigenvalues. 

Let us denote the Dirichlet vertex by V°. Consider two copies of the graph T and 
glue them together into I Uyo I by identifying two distinct vertices V° belonging 
to different copies of I and introducing standard vertex conditions at the new joined 
vertex (Fig. 12.3). 

Let yı be the eigenfunction of the original Laplacian on I’ corresponding to 
41 (L*P(T)). This function is zero at the vertex V? due to Dirichlet conditions there. 
Let us extend the function as — yı (x) to the second copy of I’. The new extended 
function on I Uyo F is an eigenfunction of the standard Laplacian L*(T Uyo T) 
with the same eigenvalue 1 (L*-P(L)): 


e the eigenfunction equation on the edges is satisfied; 

e standard conditions at all vertices different from V° are satisfied on both copies 
of T; 

e standard conditions at the new joined vertex are satisfied: 


— the function is equal to zero at the vertex and therefore is continuous, 
— the sum of normal derivatives is zero, since contributions from the two copies 
of I’ compensate each other. 


Hence A, (L*%P(T)) can be estimated from below by A2 (L*(T Uyo I): 


nems]. 
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where we used that the total length of F Uyo T is 22. The constructed eigenfunction 
is not a ground state for the following reasons: 


e the ground state for the standard Laplacian is a non-zero constant function, but 
the constructed function is zero at the joined vertex; 

e moreover, the constructed function is orthogonal to the constant function by 
construction. o 


The obtained estimate is sharp, since for the interval of length £ with the Dirichlet 


2 
and Neumann conditions at the endpoints we have A; = (x) . Moreover, equality 


in (12.15) holds only if the graph is a Dirichlet-Neumann segment of length £. The 
reason is rather simple: we have equality in (12.15) only if we have equalities in all 
estimates used in the proof. In particular, we need that the graph F Uyo F has the 
smallest spectral gap, hence it coincides with the interval of length 2£. Moreover 
the constructed eigenfunction should coincide with the second eigenfunction on the 
interval of length 2£, hence the graph T is the Dirichlet-Neumann segment of length 
L. 


12.4 Cheeger’s Approach 


An effective method to estimate the spectral gap for a Laplacian on a Riemannian 
manifold was suggested by J. Cheeger [135]. This method has already become a 
standard tool in differential geometry. Our goal in this section is to apply Cheeger’s 
ideas to quantum graphs. 

The basic idea of Cheeger is that the first nontrivial eigenfunction y2 should 
attain both positive and negative values, since it is orthogonal to yı = 1. In other 
words, 2 has at least two nodal domains. The problem is that we do not know 
much about these domains, but one may obtain estimates without knowing where 
these domains are situated, or how large they are. The border S between the domains 
divides the manifold into two or more separate manifolds with boundary. It follows 
that the border S can be considered as a cut of the original manifold M into two 
submanifolds Mı and M3 : M = Mı U M2. One may introduce Cheeger’s quotient 

= — aS) , where L(S) is the length of the cut S and A(M;) 
min {A(M,), A(M2)} 
are the areas of the submanifolds M;. Of course in the case of an n-dimensional 
manifold M one should speak about the n — 1-dimensional area L(S). Since we do 
not know which particular cut S corresponds to the eigenfunction w2, an estimate 
can be obtained by the cut, which minimises the quotient. The corresponding 
infimum is called Cheeger’s constant 


h(M) := inf LG) 


l (12.16) 
Ss min{A(M1), A(M2)} 
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where the infimum is taken over all possible cuts S dividing M into two parts 
Mı and M2. The infimum is realised on short cuts dividing M into two parts of 
approximately equal areas. 

Using Cheeger’s constant the following lower estimate for the first nontrivial 
Laplace eigenvalue A2(M) may be proven [135] 


Taan? < 42(M). (12.17) 


Upper estimates in general are easier to obtain, since any admissible function 
provides such an estimate via the Rayleigh quotient. The lower estimates are in 
general much harder to prove. The advantage of Cheeger’s approach is that such 
estimates are obtained in geometrical terms only. Let us see how this approach can 
be generalised to quantum graphs. We consider standard Laplacians only and start 
with the lower estimate. 


Lower Estimate We use Cheeger’s original argument [135] developed for quantum 
graphs in [266, 400, 436]. It was also the subject of our first common project with 
R. Suhr, which we follow here. For Cheeger’s approach it is essential that the 
eigenfunctions are continuous and the ground state eigenfunction can be chosen 
strictly positive. Therefore we develop our analysis for standard Laplacians. Let 
T be a metric graph, consider a set of points P on the edges dividing I into two 
subgraphs Mı and M2. Then we define Cheeger’s constant for the metric graph T 
as 


E |P| 
A(T) = int in (LO), LM) 


(12.18) 


where |P| denotes the number of dividing points and the infimum is taken over 
the set of possible cuts of r. We formally excluded the possibility to divide the 
graph along its vertices, but such divisions appear in the limit as the dividing points 
approach ends of the edges. Taking the infimum incorporates such divisions into our 
approach. 

Let A2 be the spectral gap of the standard Laplacian on I’, then consider any 
corresponding eigenfunction that we denote by w (= y2). The eigenfunction can be 
chosen real-valued. Consider the domains [* and T7 where the function is positive 
and negative respectively. Without loss of generality we assume that T+ has the 
lowest volume: if this is not the case the eigenfunction should be multiplied by —1. 

The restriction of y to + is the ground state eigenfunction for the Laplacian 
on I+ determined by standard vertex conditions at all vertices except the dividing 
points from P where Dirichlet conditions are assumed, since w is an eigenfunction 
satisfying prescribed vertex conditions and is sign definite. 
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Using the fact that y is an eigenfunction we obtain: 


Ire W@W dx fpr adx 


do(L(P)) = s 
AM Jr Y7 (x)dx fo V @)dx 
_ SE dx fr VE dx 
7 2 
(fs W?(x)dx) 
2 (12.19) 
(ie Iw’ (x)| Iœ lax) 
7 2 
(fos Yada) 
1 (Irl E dN 
z 4 Sr+ w2(x)dx i 


where we used the Cauchy-Schwarz inequality. Let us introduce the following 
notations in order to exploit the co-area formula 


V (y) = measure (fx Eert: W(a)> »}) > 
NO) = 1G) TO) OT. 


Then by definition of h we always have 


NO) >h(T), 
V(y) 


for any y > 0, as any y yields a division of T* and as a result a division of I’. 
Let us note the following relation 


V(y) = L(+) — f N(t)dt 
0 


implying 


ee) —N(y). (12.20) 
dy 


The last equality holds almost everywhere on '*, more precisely for all y not equal 
to the value of i? at the vertices and local minima and maxima on the edges. Hence 
V (y) is a piecewise continuously differentiable function. 
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Subdividing I'* into intervals A; where y is monotone we get 


J. 


£y elie) |, p Wolds “Thee an? 


eg ae 
-/ mr NQ)dy = [ a NO yg )dy 


V (y) 

max y? max y? 
>h Í r+ V(y)dy =n fr y Ogy 

0 0 y 

max y 
=h f rt yN(y)dy =h I we (x)dx, 

0 rt 

(12.21) 


where integrating by parts on the third line we used that V is piecewise C!-function 
and relation (12.20). Finally combining the estimates (12.19) and (12.21) we get the 
desired lower estimate for standard Laplacians on metric graphs. 


Theorem 12.5 Let I be a finite compact connected metric graph and let h be the 
corresponding Cheeger constant defined by (12.18). Then the spectral gap for the 
standard Laplacian possesses the lower estimate 


M(L*T)) > =h? (12.22) 


One may prove that inequality in (12.22) is in fact strict. Equality occurs 
only if all inequalities in the proof turn into equalities, in particular if one has 
equality in (12.19) which holds only if w’ is proportional to w. It follows that y 
is an exponential function and therefore cannot be a real valued solution to the 
eigenfunction equation. This result is also described in [436, Theorem 6.1]. 


Problem 53 Check to which extent Cheeger’s approach may be generalised for the 
case of Laplacians with delta vertex conditions. 


Upper Estimates For a metric graph T let us delete some of its edges $ = 
U$ En ;- Tf the resulting graph F \ S is not connected, then we say that S is an 
edge cut of T. The set I \ S may consist of several connected components. Let us 


denote by Tı and T2 any separation of F \ S into two nonintersecting sets 
P,;UM=F\s, DAN =ð. 
We assume in this section that F contains no loops, i.e. edges adjusted to one 


vertex. This is not an important restriction. Really, consider any graph F with a 
loop, mark any point on the loop and put a new vertex at this point. The new metric 
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graph obtained in this way contains no loops but the corresponding Laplace operator 
is unitarily equivalent to the Laplace operator on the original graph. 

With any set S as described above let us associate the following Cheeger-type 
quotient 


LT)’ ges b 


min ee (12.23) 
T,Ta:MUum=r\s; ECDL) 
rı N I> — Ø 


We are going to prove that this quotient provides an upper estimate for the spectral 
gap. It resembles Cheeger’s constant (12.17) described above, but is different. 


Theorem 12.6 LetT be a connected metric graph without loops, then the spectral 
gap for the standard Laplacian is estimated from above by the Cheeger-type quotient 
(12.23) as follows 


LT)’ pes G 


à2 (T) < C(T) := inf min ; (12.24) 
M,fo:MUMmer\s ETDE?) 
Mn. =ø 
where the infimum is taken over all edge cuts S of T. 
Proof Consider the function g defined as follows 
1, xerly; 
g(x) = 4-1, xéeP; (12.25) 


a — dist (x, Py) + dist (x, r2), x€E, cS, 


where the distances dist (x, I";), j = 1,2, are calculated along the corresponding 
interval E,,. The continuous function g is constructed in such a way, that it is equal 
to +1 on T4; and Tz and is linear on the edges connecting I) and r2. The mean 
value of the function might be different from zero. In that case the function g has 
to be modified so that it will be orthogonal to the ground state. Consider then the 
function f which is not only continuous, but also orthogonal to the ground state: 


LT) — L2) 


f@) =e) — LT) Neg, rT) = ga) ae 


The Rayleigh quotient for the function f gives an upper estimate for the spectral 
gap. 
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To determine the Rayleigh quotient we calculate the Dirichlet integral and the 
norm of f: 


If lho = 18" Way Eres Se, Cr V dx = 4 Ee, Ons 


Il f hanes =Ilg ane -LIT) (g, 1)? (12.26) 
> £01) + L2) — L) LT) — LT)? 
> get pen) 


This gives the following upper estimate for à2 (T`) 
A(T) < C(P), (12.27) 


where we use (12.24) and the fact that the set S dividing I into disconnected 
components is arbitrary. o 


The derived estimate shows that the spectral gap is small if the metric graph can 
be cut into two approximately equal parts by deleting few long edges. Of course 
choosing long edges to delete makes the rest of the graph smaller, but to get the best 
estimate one has to find the best balance between these two tendencies. 

The estimate we have just proven is rather explicit, but not exact in the sense that 
we do not know any graph for which the equality holds. We shall now present a 
modified estimate, which has a more complicated form, but with the advantage that 
there are graphs for which the estimate is exact. 

The graphs we consider are finite and compact, hence the number of possible cuts 
is always finite. Therefore it is tempting to substitute the infimum in (12.24) by the 
minimum. On the other hand, every point on an edge can be seen as a dummy degree 
two vertex and the number of possible cuts becomes infinite making it unavoidable 
to use the infimum. 


An Improved Upper Estimate The function g used in the proof of Theorem 12.6 
can be chosen equal to 


1, xer]; 
g(x) = į cos EED = — cos BET y, x € E, C S; (12.28) 
—1, x eT. 


We again shift the function by a constant to satisfy the orthogonality condition 


= LT- LT?) 
f (x) = g(x) LO) ; (12.29) 
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Calculating the Dirichlet integral and the norm 


2 . 2 

x . 9 dist (x, T1) T = 
If Nina = DO (=) f sin? == a D 
Encs Á et i 

Bo as 2 CTD- LT, 

If I2 =I\l8 lZ LO) ; 


1 
|g a) = LT) + L2) + zE) 


and substituting into the Rayleigh quotient, we get the following estimate for the 
first nontrivial eigenvalue 


72 
MoT) < IF Teac 
IF ILT) 
z? -1 
= 2 È e,cs fn ; (12.30) 
L(V) + L(T2) + 5£(S) = Leper" 


_ xL) Decs b 
~ BLODLC?) + LP) + LCDS) + LS 


Here £(S) denotes the total length of all deleted edges forming the set S. The 
obtained estimate can be used even in the case where the graphs I"; and F2 have 
zero lengths—the denominator is still different from zero in that case. This will be 
used in the proof of the following theorem. 


Theorem 12.7 The spectral gap for the Laplace operator on a metric graph T 
satisfies the following lower and upper estimates 


m? x2 


Pap spm EO Do. (12.31) 


Enel 


If the metric graph G is bipartite,’ then the upper estimate can be improved by a 
factor of 4 as follows 


x2 
mT) < aay A) De (12.32) 


3 A graph G is called bipartite if the vertices can be divided into two classes, so that the edges 
connect only vertices from different classes. Such graphs are also called two-coloured, which 
means that one may colour all its vertices using just two colours, so that no two neighbours have 
the same colour. 
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Proof The lower estimate has been already proven in Theorem 12.1, it remains to 
show the upper one. We start from the second formula. Assume that the graph I is 
bipartite. Then the graphs I") and I% appearing in Cheeger’s estimate (12.30) can be 
chosen equal to the two disjoint sets of vertices V! and Y? appearing in the definition 
of a bipartite graph. These sets consist of vertices only, hence £L (T1) = 0 = L(T2). 
Every edge in I’ connects vertices from the two sets. Therefore the proper cut S 
contains all edges. In other words we cut all edges in the graph I’ and we have 
L(S) = L(I) leading to the following estimate 


aT) < já ye 
2) < ~~ ne 
£T) EncT 


The upper estimate for arbitrary graphs can be proven by the following trick: any 
metric graph F can be turned into a bipartite graph by introducing new vertices in 
the middle of every edge. Then the sets V! and V? can be chosen equal to the unions 
of old and new vertices respectively. Then the previous estimate gives 


2 

IU 
MoT —— 2) la IDL. 
20) = Fa pam /2) 


The factor 2 in front of the sum appears due to the fact that every edge in I" is divided 
into two smaller edges of lengths £/2. o 


Example 12.8 Consider the equilateral complete graph Km of total length £. To 
get upper estimates for the spectral gap we are going to cut in two different ways: 


Cut A Assume that M is even M = 2m. Let Tı and I2 be two complete graphs 
on m vertices. 

CutB Let Tı and T% contain one and M — 1 vertices of Km. From each edge 
connecting l; and l2 we cut away an interval of a length a attached to one of 
the vertices in T2. 


Intuitively the first cut seems to be better, since the second cut appears to be very 
asymmetric. 
Cut A The lengths of I"; and M2 and the size of the cut are given by: 


e the length of each edge in Ky is: £ = L/N (Km) = 
2. 


2L Z fs 
2m(2m—1) ~ m(2m—1)’ 
e the number of edges that are deleted is: m 
e the volumes of the two parts £(,) = £L(T2) = pe = E 
Applying (12.24) we get the following upper estimate: 
2 M(M-1 
me LEYG 2M4- 1M M4 


= ~ ——* 
(ma aL y L —2/mMy “7S E 
3 MM-D 


(12.33) 
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Cut B The lengths needed for the estimate are: 


e the length of each edge in Ky is: £ = L/N (Km) = ma: 
e the number of edges that are cut: M — 1; 
¢ the volumes of the two parts L (T1) = (£ — a)\(M — 1), LT2)= MFL; 


The estimate will be 


L(M — 1)a7! 1 M 
hoa < 


= 35 = (12.34) 
-a M-1)¥FL all-a) M-2 


Here a is arbitrary and we get the best estimate if we choose a = £/2. This gives 
us: 


58 MMM —1)" 1 M (12.35) 
2 M—2 T2 M—œ fa : 
The precise value of the spectral gap for complete graphs has already been 
calculated: 


zx? M* 


M2(M — 1)2 
16 £2° 


A2(Ku) = 422 


1 2 
(arccos a) ~M->00 
We see that Cut B provides an estimate with an almost correct asymptotic behaviour 
(factor 1 instead of 7/16). To get a reasonable estimate we were forced to introduce 
dummy degree two vertices and use new edges in the cut. 


Another interesting upper estimate [292] may be obtained using the fact that 
flower graphs maximise the second eigenvalue [294, Theorem 4.2] 


2n72 h2 r 
iy SE < ry (12.36) 


where N is the number of edges and one uses the trivial estimate A(T) > ra 


12.5 Topological Perturbations in the Case of Standard 
Conditions 


Quantum graphs for us are primarily geometric objects, therefore it is important 
to understand how their spectral properties depend on topological perturbations 
of the underlying metric graph. We are going to discuss here just two such 
perturbations when two vertices are glued together or when an edge or an interval 
is cut. We call these perturbations gluing and cutting respectively. Starting from 
standard Laplacians we proceed to most general Schrödinger operators on graphs. 
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The method of topological perturbations will help us to understand how spectral 
properties depend on the topology and obtain new explicit spectral estimates. The 
method was first introduced in [343] and soon became a standard tool in spectral 
analysis of quantum graphs. For a comprehensive survey of this method one may 
consult [88]. In fact we have already used this approach when Eulerian path 
technique was applied. Our goal here will be to provide a more systematic study 
presenting explicit examples. 

As already mentioned, the spectral gap has been extensively investigated for 
discrete graphs where it is referred to as algebraic connectivity [221]. Therefore 
our goal here will be to understand behaviour of the spectral gap under topological 
and geometrical perturbations of the underlying metric graph. Such perturbations 
include: 


e joining two vertices together; 

e adding a pendant edge (or a pendant graph) introducing a new vertex at the same 
time; 

e adding an edge (or a graph) between two or more existing vertices. 


In the last two cases the total length of the graph increases, therefore it is not 
surprising that the spectral gap has a tendency to decrease (Theorems 12.11 
and 12.12). Hence let us start our studies with the first case. 

In this section we are going to compare our results with the corresponding 
statements for discrete graphs described in detail in Chap. 24. To understand most of 
the comments it is not necessary to read that chapter in advance, but one may consult 
it if necessary. The main message we want to deliver is that metric and discrete 
graphs are similar as far as properties of their lowest eigenvalues are concerned. 
The difference is lying in the fact that the role of vertices and edges is interchanged. 
Thus the total length of a metric graph plays a role similar to the number of vertices 
for discrete graphs; adding an edge to a discrete graph is similar to joining two 
vertices in metric graphs, and so on. 


12.5.1 Gluing Vertices Together 


Our first step is to formalise the observations on what happens to the spectrum when 
two vertices with standard conditions are joined together into one common vertex. 
We have already used this observation in Sect. 12.1.1, where Eulerian path technique 
was introduced. 


Theorem 12.9 Let I be a connected metric graph and let Y’ be another metric 
graph obtained from T by joining together two of its vertices, say V! and V?. Then 
the following holds: 


(1) The spectral gap for the standard Laplacian satisfies the inequality 


A2(T) < A(T’). (12.37) 
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(2) The equality 4.(T) = A2(T’) holds if and only if the eigenfunction y2 
corresponding to the first excited state can be chosen such that it attains the 
same values in the vertices to be joined: 


W2(V!) = w(V?). (12.38) 


Proof Consider the standard Laplacians L*(T) and L*(T’). Their quadratic forms 
are given by the same expression—the Dirichlet integral f |u’ (x)|?dx, where the 
integration is over the corresponding metric graph. The integration is over the edges 
and therefore it is irrelevant whether the vertices V! and V? are joined together 
or not. The domain of the quadratic form is given by all functions from WA on the 
edges satisfying continuity conditions at the vertices. The functions from L7(I°) and 
L>(T’) can be identified, therefore one may say that functions from the domain of 
the quadratic form on T” satisfy the additional continuity condition 


u(V') =u(V*), 


(compared to functions from the domain of the quadratic form on I’). 

The first excited state is calculated by minimising the Rayleigh quotient 
Sr lu’ (x) Pax 
Sp u(x) Pax 
which in addition are orthogonal to the ground state eigenfunction w(x) = 1. The 
set of admissible functions for A2(I) is larger than that for à2 (T), hence inequality 
(12.37) for the corresponding minima follows. 

To prove the second statement we first note that if the minimising function w2 
for T satisfies in addition (12.38), then the same function is a minimiser for T” and 
the corresponding eigenvalues coincide. Conversely if A2(T) = A(T’), then the 
eigenfunction for L*(T’) is also a minimiser for the Rayleigh quotient for r and 
therefore is an eigenfunction for L‘'(I) (satisfying in addition (12.38)). oO 


over the set of functions from the domain of the quadratic form 


It is interesting to compare spectral behaviour of quantum graphs and discrete 
graphs; as we already mentioned, the role of vertices and edges is exchanged, hence 
it is natural to compare Theorem 12.9 with Proposition 24.10, which describes what 
happens to the spectral gap as an edge is added to a discrete graph. These two 
statements may appear to be rather similar at first glance. But the reasons for the 
spectral gap to increase are different. In the case of discrete graphs the difference 
between the Laplace operators is a nonnegative matrix, hence we have an explicit 
inequality for the quadratic forms having identical domains. For quantum graphs the 
quadratic forms are given by identical expressions, but inequality (12.37) is valid 
due to the fact that the opposite inclusion holds for the domains of the quadratic 
forms. 


Corollary 12.10 Theorem 12.9 implies in particular that the flower graph formed 
by loops, all attached to one vertex, has the largest spectral gap among all graphs 
formed by a given set of edges (Fig. 12.4). 
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Fig. 12.4 A flower graph 


12.5.2 Adding an Edge 


Our goal in this section is to study behaviour of the spectral gap as an extra edge is 
added to the metric graph. There are two possibilities: 


e adding an edge between two existing vertices, 
e adding a pendant edge introducing a new vertex at the same time. 


In both cases the total length of the graph increases, therefore it is not surprising 
that the spectral gap has a tendency to decrease (Theorem 12.11). Therefore it is 
particularly interesting to find cases when the spectral gap is growing. Nevertheless 
we Start by investigating what happens when pendant edges are added—the spectral 
gap cannot increase in this case. The main reason is to compare our findings with 
the corresponding result for discrete graphs (Proposition 24.11). 


Theorem 12.11 LetT be a connected metric graph with a vertex V! and let T' be 
another graph obtained from I by adding a pendant edge, i.e. one vertex and one 
edge between the new vertex with the vertex V'. 


(1) The spectral gap for the standard Laplacians satisfies the following inequality: 
A2(P) = A(T"). 


(2) The equality 42(T) = d(T") holds only if every eigenfunction wz correspond- 
ing to àa (T) is equal to zero at v}; 


W2(V') =0. 


Proof The graph T is naturally considered as a subset of T”. Let us introduce the 
following function on T”: 


f= e xE r, 

pal V ) x e PP. 
This function coincides with y2 on the original graph I and is extended to the 
new edge by a constant preserving continuity at V!. The function is not necessarily 
orthogonal to the ground state on I”. Therefore consider the nonzero function g 
differed from f by a constant 


g(x) := fix) +c, 
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where c is chosen so that the orthogonality condition in L2 (T”) holds 
0 = (g(x), Drar = (2, ny HVE + cL, 
——SE 
=0 


where £ and £’ are the length of the added edge and the total length of I’ 


1 
respectively. This implies c = — 2" Using the new function the following 
estimate for the spectral gap is obtained: 


lgi a KANE 
aT) s — 2? = —_— te <n). 
lgliz c Walley +£ + |yo(V') + c|“ 
k Ř——— 
>0 


Here £ denotes the total length of the metric graph I’. The last inequality follows 
from the fact that 


lyla = A2P)Ivall?. 


Note that in the last expression the equality holds if and only if c = 0 and 
|Wo(V!) + c|? = 0 implying y2(V 1) = 0. This proves the second assertion. Oo 


The proven statement has a direct analogy in the theory of discrete Laplacians— 
Proposition 24.11 below. The analogy is complete, since the transformation we 
analyse consists of adding one new edge and one new vertex simultaneously. It has 
similar effect on discrete and metric graphs. 

In the proof of the theorem we did not use that I’ \ F is an edge. It is 
straightforward to generalise the theorem for the case where I’ \ T is an arbitrary 
finite connected graph joined to F at a single vertex V!. One may even show that 
joining together any two graphs I; and T% at one vertex leads to a new graph T’ 
with the spectral gap satisfying the estimate: 


min {A2(I'1), A2(M2)} > A2(T"). (12.39) 


One may also prove this statement using general perturbation theory, taking into 
account that the difference between the resolvents of the standard Laplacians on 
Tı UF, and T” has rank one. The operator L‘'([', UI) has at least three eigenvalues 
in the interval [0, min {à2 (T1), à2(T2)}, hence the operator L*t(T’) has at least two 
eigenvalues in the same interval. 

The approach using general perturbation theory illuminates one important point: 
the statement holds only if two graphs are joined at one vertex: in that case the 
difference between the resolvents has rank one. 
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We return now to our original goal and investigate the behaviour of the spectral 
gap when an edge between two vertices is added to a metric graph. 


Theorem 12.12 Let I be a connected metric graph and L*'—the corresponding 
standard Laplace operator. Let T' be a metric graph obtained from T by adding 
an edge between the vertices V! and V*. Assume that the eigenfunction y2 
corresponding to the first excited eigenvalue can be chosen such that 


WV") = ya V’). (12.40) 
Then the following inequality for the spectral gap holds: 
Ao(T) > A2(T’). (12.41) 


Proof Consider the eigenfunction y2(I") for L% (T) and extend it to the new edge 
by a constant, which is possible due to (12.40) 


y(x), xer, 


fœ) = A (= WVD), x € P\F. 


This function is not orthogonal to the constant function. Let us, as before, adjust the 
constant c so that the function g(x) = f(x) + c is orthogonal to 1 in La (T” j“ 


0 = (g(x), Diy = (2), Dir) +¥2(V E+ cL’ = 0, 
——— am 
=0 
where we keep notations from the proof of the previous Theorem. We have used 
that the eigenfunction yz has mean value zero, i.e. is orthogonal to the ground state 


on I’. This implies c = sia 
using the Rayleigh quotient 


. Now we are ready to get an estimate for à2(T”) 


142 
p < Eim 


HPM 


The numerator and denominator can be evaluated as follows 
2 2 2 
Ig Ize = KANG = MOM Palle, 0» 


Igle = lve + clam + lw2(V") + ct = 


4 Tn what follows we are going to use the same notation 1 for the functions identically equal to one 
on both metric graphs F and T”. 
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= lolli + PL + lV!) + c 
> Walle 


leading to (12.41). o 


One may think that the above theorem is rather artificial due to the presence of 
condition (12.40). To see that this condition is natural, let us consider a couple of 
examples: 


Example 12.13 Let T be the graph formed by one edge of length a. The spectrum 
[0] 

of L* (T) is E(L*(T)) = T n?] o All eigenvalues have multiplicity one. 
i= 


a 
Consider the graph T” obtained from I by adding edge of length b, so that T” is 
formed by two intervals of lengths a and b connected in parallel (see Fig. 12.5). The 
graph T” is equivalent to the circle of length a + b. The spectrum is: E (L*(T”)) = 


2 [0,0] 
(25) n? | , where all the eigenvalues except for the ground state have double 
n=0 


multiplicity. 
Let us study the relation between the spectral gaps: 


Any relation between these values is possible: 


b >a => AP) >T”, 
b <a => Ad(T) < 2^. 


Therefore the first eigenvalue is not in general a monotonously decreasing function 
of the set of edges. The spectral gap decreases only if certain additional conditions 
are satisfied. 


Example 12.14 Consider, in addition to the graph T” discussed in Example 12.13, 
the graph I” obtained from T” by adding another one edge of length c between the 
same two vertices (see Fig. 12.5). Hence I” is formed by three parallel edges of 
lengths a, b and c. The first eigenfunction for L*(T”) can always be chosen so that 
its values at the vertices are equal. Then, in accordance with Theorem 12.12, the 
first eigenvalue for I” is less or equal to the first eigenvalue for T”: 


aa") < AT ^). 


This fact can easily be supported by explicit calculations. 


The above examples and theorems show that the spectral gap has a tendency 
to decrease, when a new sufficiently long edge is added. It is not surprising, since 
addition of an edge increases the total length of the graph, but the eigenvalues satisfy 
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Fig. 12.5 Graphs T = (1.1), 
= 12.3), and T” = r89) 


Weyl’s law and therefore are asymptotically close to (mn)? /£?. This is in contrast 
to discrete graphs, for which addition of an edge never decreases the spectral gap. 

Condition (12.40) in Theorem 12.12 is not easy to check for non-trivial graphs 
and therefore it might be interesting to obtain other explicit sufficient conditions. In 
what follows we would like to discuss one such geometric condition ensuring that 
the spectral gap drops as a new edge is added to a graph. The main idea is to compare 
the length £ of the new edge with the total length of the original graph £ (T). It turns 
out that if 2 > £(T), then the spectral gap always decreases. We have already 
observed this phenomenon when discussing Example 12.13, where behaviour of A2 
depended on the ratio between the lengths a and b. If b = £ > a = CL(L), then 
the gap decreases. It is surprising that the same explicit condition holds for arbitrary 
connected graphs I. 


Theorem 12.15 Let be a connected finite compact metric graph of length L(T) 
and let T" be a graph constructed from T by adding an edge of length £ between 
certain two vertices. If 


£> LCT), (12.42) 
then the spectral gaps of the corresponding standard Laplacians satisfy the estimate 
à2(l) = A2. (12.43) 


Proof Let w2 be any eigenfunction corresponding to the first excited eigenvalue 
à2(T) of L*(T). It follows that the minimum of the Rayleigh quotient is attained at 


y: 


2 2 
llu” ILT) _ I y, IT) 


A(T) = min = 7 , 
Iain r) 


i 2 
‘ u 
ueWi(T):uL1 I ln. 


E 
where wi (T) denotes the set of continuous w1 -functions on the graph T: 


Wi T) = WIT \V) NCC). 


Let us denote by V! and V? the vertices in I where the new edge E of length £ is 
attached. 
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The eigenvalue 42(I’) can again be estimated using the Rayleigh quotient 


luli ee alee 
aT) = min EAD) gw) (12.44) 


2 S&G ’ 
vewheryutt Yle slz 


C 
where g(x) is any function in w1 (T’) orthogonal to the constant functions in 
L2(T’). Let us choose a trial function g of the form g(x) = f(x) + c where 


y(x), xer, 


12.45 
yi + yz sin (4+) x el’ \P = E =[-¢/2, £/2], ( ) 


je | 


with yı = (W2(V!)+y2(V7))/2 and y2 = (W2(V7)—2(V!))/2. Here we assumed 
that the left endpoint of the interval is connected to V! and the right endpoint to V?. 
c 


The function f obviously belongs to Ww (T^), since it is continuous at V! and V? , 
but it is not necessarily orthogonal to the ground state eigenfunction 1. The constant 
c is adjusted in order to ensure the orthogonality condition is satisfied 


e/2 


E Mae SEs Mes A f 
— 


H 
(v1 + vzsin (=)) dx = cL'+ yil 
~e/2 


seda, (12.46) 


The function g can be used as a trial function in (12.44) to estimate the spectral 
gap. Let us begin by computing the denominator using the fact that g is orthogonal 
to 1 and Pythagoras theorem can be used 


2 2 2 2 
lelt r =| f+ clay = IFI T = lellz rn 


£/2 TX 2 
= lyzl? m) + / (n+ rrsin(™*)) ax- er 
—£/2 £ 
2 2, b 2_ 2p 
= liy2lzar) + ori + 572 —€ L (12.47) 


The numerator yields 


£/2 m? TX 
Igle = IF ge = lyla + f (727z (=)) dx 


—£/2 


2 
T 
= (Myall + ¥2 59° (12.48) 
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After plugging (12.47) and (12.48) into the Rayleigh quotient (12.44) we obtain 


Dll cry =F Ver 
Walle ay + eve + $y — CL! 


iol") < 


Using (12.46) the last estimate implies 


2 
AD II Wall? cry + 72 3 


Ivl m + 572 
(12.49) 


2 
ADY a) + YP 3 


< 
2 2, £ £29! 
Ilr ocr) F tyi (1 = 77) + 7V2 


A(T") < 


where we used that £ < L’ = L + £. It remains to take into account the fundamental 
estimate (12.1) 


1T\2 
A(T) > (=) : 
2T) = T 
Then taking into account that £ > L(I) the estimate (12.49) can be written as 


AT) IWarlle cry + AZM) yze/2 


2T) < 
PANS F y2£/2 


= )2(D). (12.50) 


The theorem is proven. o 


The fundamental estimate (12.1) was crucial for the proof. It relates the spectral 
gap and the total length of the metric graph, i.e. geometric and spectral properties 
of metric graphs. It might be interesting to prove an analogue of the theorem for 
discrete graphs. Proposition 24.10 states that the spectral gap increases if one edge 
is added to a discrete graph. Adding a long edge should correspond to adding a chain 
to a discrete graph. 

The above theorem can again be proven using perturbation theory methods. 
The standard Laplacian L*(T U [0, £]) has at least four eigenvalues in the interval 
[0, à2(T)]: the double eigenvalue 0 = à (T) = A, ((0, £]), à2(T) and A2([0, £]) = 
a < x < A(T). The difference between the resolvents of L*(T U [0, £]) and 
L*(T’) has rank two, hence (12.50) holds. 

The previous theorem gives us a sufficient geometric condition for the spectral 
gap to decrease. Let us study now the case where the spectral gap is increasing. 
Similarly, as we proved that adding one edge that is long enough always makes the 
spectral gap smaller (Theorem 12.15), we claim that an edge that is short enough 
makes it not to decrease. We have already seen in Theorem 12.9 that adding an edge 
of zero length (joining two vertices into one) may lead to an increase of the spectral 
gap. It turns out that the criterion for a gap to decrease can be formulated explicitly 
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in terms of the eigenfunction on the larger graph. Therefore let us change our point 
of view and study the behaviour of the spectral gap as an edge is deleted. 


12.6 Bonus Section: Further Topological Perturbations 


12.6.1 Cutting Edges 


In the following subsection we are going to study the behaviour of the spectral gap 
when one of the edges is deleted. The result of such a procedure is not obvious, 
since deleting an edge decreases the total length of the metric graph and one expects 
that the first excited eigenvalue increases. On the other hand deleting an edge 
decreases the graph’s edge connectivity and therefore the spectral gap is expected to 
decrease. It is easy to construct examples when one of these two tendencies prevails: 
Example 12.13 shows that the spectral gap may both decrease and increase when an 
edge is deleted. 

Let us discuss first what happens when one of the edges is cut at a certain internal 
point. Let [* be a connected metric graph obtained from a metric graph T by cutting 
one of the edges, say E; = [x], x2] at a point x* € (x1, x2). It will be convenient to 
denote by xj and x3 the points on the two sides of the cut. In other words, the graph 
T* has precisely the same set of edges and vertices as I except that the edge [x 1, x2] 
is substituted by two edges [x, xf] and [x}, x2] and two new vertices vik = {x7} 
and V7* = {x5} are added to the set of vertices. It is irrelevant whether the new 
graph is still connected or not. 

One may change point of view and consider the point x* as a degree two vertex, 
then Theorem 12.9 can be reformulated as: 


Theorem 12.16 Let I be a connected metric graph and let T* be another graph 
obtained from T by cutting one of the edges at an internal point x* producing two 
new vertices V'* and V™*. 


1. Then the first excited eigenvalues satisfy the following inequality 
à2 (l) = a2"). (12.51) 


2. If à2(T*) = A2(L) then every eigenfunction of L*(T) corresponding to d(T) 
satisfies Neumann condition at the cut point x*: Yi (x*) = 0. If at least one of 
the eigenfunctions on T* satisfies vi(v'*) = wi(V*), then 2 (T*) = A2(L). 


This theorem implies that the spectral gap has a tendency to decrease as an edge 
is cut in an internal point. Note that the total length of the graph is preserved. 
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12.6.2 Deleting Edges 


Let us study now what happens if an edge is deleted, or if an interval of non-zero 
length is cut away from an edge (without gluing the remaining sides together). Every 
point inside an edge can be seen as a degree two vertex, hence it is enough to study 
what happens if an edge is deleted. 

The following theorem proves a sufficient condition that guarantees that the 
spectral gap is decreasing as one of the edges is deleted. 


Theorem 12.17 Let T be a connected finite compact metric graph of the total 
length L and let T* be another connected metric graph obtained from T by deleting 
one edge of length £ between certain vertices V! and V~. Assume in addition that 


iin 2\\2 
( as CoV) Ya DY" 9 kal i) ED ei = > (-0“', 


p 1 2))2 
YL ypa=zp2 (WV) + yV) 2 2 
(12.52) 
where A2(T) = hes ky > 0, is the first excited eigenvalue of L‘'(I), then 
A2(P) = A2(T*). (12.53) 


The inequality holds even in the special case where there exists a function 2 with 
W2(V!) = —W2(V), provided £ < m/k2. 


Proof It will be convenient to denote the edge to be deleted by E = T \ T* as well 
as to introduce notation £* = £ — £ for the total length of T*. 
Let us consider any eigenfunction y2 on I corresponding to the eigenvalue 
c 


A2(I"). We then define the function g ewl (T*) by 

8 = yal +c, 
where the constant c is to be adjusted so that g has mean value zero on I*: 

(g, jn) = 0. (12.54) 
Straightforward calculations lead to 


_ fe va@dx 


0 = (We, Irr» +cL* = (42, l)re) +cL* > c Ta 


(12.55) 


The function g can be used to estimate the first excited eigenvalue 2 (T*): 


luli r Igli r 
wer) = min LT” c LT» 


= (12.56) 
2 2 
ueWh(T*):u Ll lulz ars) lslz r» 
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Bearing in mind that (y2, l)z r) = O and using (12.55) we evaluate the 
denominator in (12.56) first: 


Iglz.cy = Ive + eliza) = [ (Wo +c)? dx — Í (Wo +c)? dx 


= Walle) f v x-5 y2 x) (12.57) 


The numerator similarly yields 


le'l? r = [ (yh)? dx — fe (4)? dx = MDYa yay - [ (yh)? dx. 
(12.58) 


Plugging (12.57) and (12.58) into (12.56) we arrive at 


aM lvli = [pny dx 


. (12.59) 
lyzl? a) — Se W2? dx — Sp 2 dx)” 


Ag(*) < 


Let us evaluate the integrals appearing in (12.59) taking into account that w2 
is a solution to Eq. (2.30) on the edge E which can be parameterized as E = 
[—¢/2, £/2] so that x = —¢/2 belongs to V! and x = £/2 to V? 


Wole(x) = asin (k2x) + £ cos (k2x), (12.60) 
where 
1 7) 1 2 
ee yav) — W2(V 3 B= pa(V ) + Ya V aN (12.61) 
2 sin(k2€/2) 2 cos (k2£/2) 


Direct calculations imply 


[ Wa(x)dx = efa) 


j 24 6 a? — a sin(k2£) 
[ (y2(x)) dx = 5 bb 


£ f 
— kok 
[uo dx = r +P aca . B Se ’). 
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Inserting calculated values into (12.59) we get 


Ag(I*) < A2(T) 


a? +B? =a? — B? sin(k2€) 


2 
Il v2 l2 72 £ 2 ko 
x 2 92 2_ pra 2 š 
I y IÈ a+ a p4 sin(k2£) 1 46 Sin? kot 
eae) 2 2 ko L* A(T) 2 
(12.62) 


To guarantee that the quotient is not greater than 1 and therefore 2 (T*) < A2(L) it 
is enough that 


a? — B? sin(k2£) . a? — B? sin(koe) 1 48? | 4 (koe 
sin 
2 k2 = 2 k2 L* M2 (T) 2 


ko (a2 koe PRE 
(5 7 1) m (=) > EL. (12.63) 


Using (12.61) the last inequality can be written as 


1 232 
(or ) = RVD ol (=) 1) k2 cot (S*) > (£91. 


MVD AVD \2 2 


Remembering that the eigenfunction y2 could be chosen arbitrary we arrive at 
(12.52). 


It remains to study the special case where (VV!) = —W(V?). It follows that 
B = 0 and 
_ _ WVD 
~ sinksl/2° 


Instead of (12.62) we arrive at the following inequality 


a a? sin(k2£) 
2 2 k 
a? — a sin(k2£)` 


2 
Il v2 ILo) 5) + 5 ko 


2 
Il v2 ILT) 


à2(T*) < 42l) (12.64) 


The quotient is always less than | provided sin k2£ > 0, which is true if £ < z /k2. 
oO 
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Roughly speaking, condition (12.52) means that the length £ is sufficiently small, 
of course provided W2(V!) Æ p(l V?). Indeed, for small £ the cotangent term is of 
order 1/£. Therefore the left-hand side of (12.52) is of order 1/¢? and thus growing 
to infinity as £ decreases, while the right-hand side remains bounded. 

Let us apply the above theorem to obtain an estimate for the length of the piece 
that can be cut from an edge so that the spectral gap still decreases. Consider any 
edge in I’, say E,; = [x1, x2] and choose an arbitrary internal point x* € (x1, x2). 
Assume that we cut away an interval of length £ centred at x*. Of course the length 
£ should satisfy the obvious geometric condition: x, < x* — £/2 and x* + £/2 < x2. 
We assume in addition that 

ud 


l< — 12.65 
= ( ) 


guaranteeing in particular that the cotangent function in (12.52) is positive. 
The function yz on the edge E; can be written in a form similar to (12.60) 


Wo(x) = a sinky(x — x*) + Bcosko(x — x*). 


Then formula (12.63) implies that the spectral gap decreases as the interval is cut 
away if 


la| > Jl. (12.66) 


and the following estimate is satisfied 


(=) > z (12.67) 
co 3 x 
2 E a2 


Condition (12.66) means that the eigenfunction does not satisfy Neumann condition 
at x*. This condition was expected, since if w2 is symmetric with respect to x*, then 
the spectral gap may increase for any £. Really, one may imagine that deleting the 
interval is performed in two steps. One cuts the edge E; at the point x* first. Then 
one deletes the intervals [x* — €/2, xj] and [x3, x* + ¢/2]. If œ = 0 (symmetric 
function), then the spectral gap may be preserved in accordance to Theorem 12.16. 
Deleting the pendant edges (intervals [x* — ¢/2, xf] and [x3, x* + €/2]) always 
increases the spectral gap due to Theorem 12.12. 

Using the fact that under condition (12.65) we have cot (3) > Li the 


following explicit estimate on £ can be obtained 


a2 
a? (5 F ie 
L< (L-8) ( i) >< (12.68) 


aa oa 
1+(S-1) 
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of course under condition (12.66). For the spectral gap not to increase it is enough 
that estimate (12.68) is satisfied for at least one eigenfunction wo: 


2 

x (#-1)£ 

L< min} —, max ~~}, (12.69) 
k2? Yo:b\()yn=AoWe 1 4 (3 z 1) 


where we have taken into account (12.65). 

We see that if the eigenfunction y2 is asymmetric with respect to the point x* 
(i.e. (12.66) is satisfied), then a certain sufficiently small interval can be cut from 
the edge ensuring that the spectral gap decreases despite the total length decreases. 

We have shown that deleting not so long edges or cutting away short intervals 
from the edges may lead to a decrease of the spectral gap despite the fact that total 
length of the graph decreases. One can see an analogy between these results and 
the phenomenon observed in [193], where the behaviour of the spectral gap under 
extension of edges was discussed for graphs with delta couplings at the vertices. 
It was shown that the lowest eigenvalue may increase when the edge lengths also 
increase, provided the ground state has certain special properties. 


Problem 54 Consider the complete graph Km with M vertices connected by 
M(M-1) 


—z— edges of equal length. What happens to the spectral gap if 
e One of the edges is cut at the middle; 

e One of the edges is deleted; 

e One of the vertices is chopped into two; 

e Two vertices are glued together. 


Problem 55 Consider the flower graph depicted in Fig.12.4. Describe the 
behaviour of the spectral gap if 


e The central vertex is chopped into two; 
e One of the edges is cut at the middle; 
e One of the edges is deleted. 


Consider both the cases where the edges have equal and different lengths. 


Four different approaches to get spectral estimates have been described in the 
current chapter: 


e Eulerian path technique, 

e symmetrisation technique; 
e Cheeger approach; 

e topological perturbations. 


The main ingredient of all proofs are estimates on the quadratic forms, hence 
it is straightforward to take care of higher eigenvalues. In many cases the same 
proofs may be applied. Taking into account not only standard vertex conditions 
may lead to certain difficulties. For example, symmetrisation technique and the 
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Cheeger approach require that the functions from the quadratic form domain 
are continuous, which is the case for standard and delta vertex conditions. Only 
approaches based on topological perturbations (and Eulerian path technique, which 
uses topological perturbations) can be extended to arbitrary vertex conditions. We 
discuss this direction of research in the following chapter. Starting from special 
classes of scaling-invariant conditions we accomplish our studies including most 
general vertex conditions. 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
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Chapter 13 A 
Higher Eigenvalues and Topological TCA 
Perturbations 


Some fundamental estimates for higher eigenvalues of standard Laplacians have 
already been derived in Sect. 4.6. The goal of this chapter is twofold: on the one hand 
considering the standard Laplacian we derive explicit fundamental estimates for 
higher eigenvalues and describe the behaviour of such eigenvalues under topological 
perturbations. Here techniques developed in the previous chapter are used. On the 
other hand, considering Schrödinger operators with most general vertex conditions 
we analyse the behaviour of the spectrum under topological perturbations and show 
that intuition gained during our studies of standard Laplacians cannot always be 
applied: the eigenvalues may depend on topological perturbations in a completely 
opposite way. 


13.1 Fundamental Estimates for Higher Eigenvalues 


13.1.1 Lower Estimates 


Our aim here will be to derive explicit estimates for all higher eigenvalues of the 
standard Laplacian. Such estimates were first obtained by L. Friedlander [225] and 
we use his main ideas here. 

Let us try to guess, which metric graph minimises the eigenvalue A ;? It is clear 
that A; is always greater or equal to à j—1, which in turn does not exceed A j—2 and 
so on. Pressing down the eigenvalue à; we make it degenerate so that A; = A;-1. 
Pressing it further we shall make it triple degenerate until we reach Aj = Aj-1 = 
+++ = Ag, which is strictly larger than A; = 0 as the ground state is non-degenarate 
(see Theorem 4.12). Hence our guess is that the j-th eigenvalue is minimised by the 
graph where A; has multiplicity j — 1 and is the first non-trivial eigenvalue. 

Consider equilateral star graph on j edges each of length £/j. The second 
eigenvalue is degenerate with multiplicity j — 1 and coincides with the ground state 
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of the Dirichlet-Neumann interval of length £/7 


reas eae (ZY. (13.1) 


ae 
We therefore suspect that (5) provides the best lower estimate for A; on a graph 


of total length £. Our guess can of course not be considered as a rigorous proof, but 
surprisingly it provides the correct answer to the current problem. 


Theorem 13.1 Let T be a connected metric graph of total length L. Then the j-th 
eigenvalue of the standard Laplacian can be estimated as 


n2 
ya = (Z). 13.2 
iE T) 2 (57 (13.2) 
Equality occurs if and only if the graph is an equilateral star with j edges (a segment 
in the case j = 2). 


Proof To prove the estimate it is enough to consider just trees, since any graph F can 
be turned into a tree by chopping few of its vertices. The edges are preserved during 
this operation, but the domain of the quadratic form is enlarged, since the functions 
may attain different values at different pieces of chopped vertices. The quadratic 
forms on the original graph and on the tree are given by exactly the same expression, 
hence the eigenvalues of the tree do not exceed the corresponding eigenvalues for 
the original graph. 

We first prove that given j any tree can be divided by at most j — 1 points 
into subgraphs of length at most £/j. Every point xo inside an edge naturally 
divides the tree into two parts each containing points that can be joined by paths 
not passing through xo. In a similar way if xo is a vertex, then the tree is divided into 
d components, where d is the degree of the vertex. 

Let T be a tree. Consider all pendant edges in T - the edges connected to vertices 
of degree one and pick up any star subgraph of degree d containing at least d — 1 
pendant edges. We have three possibilities: 


1. If the length of at least one of the pendant edges in the star subgraph is greater 
than £/j, then put the point xo at the distance £/j from the degree one vertex. We 
have divided the tree into a segment of length £/j and a tree of length £(j — 1)/j. 

2. If the sum of the lengths of the d — 1 pendant edges in the star graph is greater 
than or equal to £/j but the length of each pendant edge is less than or equal to 
£/j, then put xo at the central vertex in the star subgraph. As a result we get a 
division of T into d — 1 segments of lengths less than or equal to £/j and a tree 
of length less than £(j — 1)/j. 

3. If the sum of the lengths of the d — 1 pendant edges in the star graph is less than 
£/j, then substitute the d — 1 pendant edges in the star subgraph by a single edge 
of the same total length and repeat the procedure. Do not forget to restore the 
pendant edges in the star graphs after the division is accomplished. 
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We repeat the described procedure cutting at most j—1 times until the tree is divided 
into at least j components of lengths at most £/j. Let us denote the points dividing 
T by x1, X2, ..., Xm, M < j — 1. We restore all star graphs that were substituted by 
edges. This does not affect the sizes of the components which we denote by T;. 

Consider now the first j eigenfunctions j,i = 1,2,..., 7, which are linearly 
independent. In the linear span of W;,i = 1, ..., j there exists a non-zero function 
(x) vanishing at all points x;, i = 1,2,...,m < j — 1. On every component 
T; of the tree, where ¢ is not identically zero, it satisfies a Dirichlet condition at at 
least one edge, hence the corresponding Rayleigh quotient is greater than or equal 
to the first eigenvalue of the Dirichlet-Neumann interval of the same length as the 
component 


Snp dx jay? 
> (4), (13.3) 
Jr, |b (x)|2dx 2L 
where we have taken into account (12.15) and the fact that the length of T; does 
not exceed £/j. Summing up the contributions from all components where ¢ is not 
identically zero we get the same estimate for the Rayleigh quotient on the whole 
tree: 


1 2 - 
da OCONEE eae (13.4) 


Jp lé@oPdx T \2L 


The function ¢ belongs to the linear span of the first j eigenfunctions and 
therefore satisfies 


1 2d 
ee <A, (L"(T)). (13.5) 


Comparing the last two inequalities we get 


n2 
A (L*T)) > A; (L*(T > (=) . 
¿Œ T) = AGL (T) > a 
To show uniqueness one may use mathematical induction with respect to j. 
Details can be found in [225]. o 


We have already shown that the estimate is sharp and turns into equality for 
equilateral star on j edges. An interesting observation is that to cut this star into 
pieces of length at most £/j one needs just one cutting point - the central vertex. 
Equality in the estimate (13.2) is realised precisely if the graph is an equilateral 
star graph with j edges. Such a graph has j Neumann degree one vertices and its 
first Betti number is zero Bj = 0 (x = 1). Hence it is natural to expect that, given 
a graph, estimate (13.2) is not sharp for sufficiently large eigenvalues. For example, 
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let us assume that the graph has N pendant vertices and 6; > 0 cycles, then for 
large enough j the estimate (13.2) can be improved as follows: 


Theorem 13.2 (Following Theorem 4.7 from [87]) Let I be a metric graph with 
IN] = 0 vertices of degree one with the Neumann condition. Assume that T is not a 
cycle. Then for all j > 2 


ig? i 
- MA) 5 ifj zN +A 
Aj) = (13.6) 
fom 
Al? 


otherwise, 


where pı is the first Betti number of the graph. 


Proof If T is not a tree, we find an edge whose removal would not disconnect the 
graph. Let V? be a vertex to which this edge is incident; since I is not a cycle, 
without loss of generality we can assume its degree is 3 or larger (otherwise this 
vertex can be absorbed into the edge). We disconnect the edge from this vertex, 
reducing fı by one and creating an extra vertex of degree one where we impose 
the Neumann condition, see Fig. 13.1. We keep standard conditions at V°. Then 
the new graph is not a cycle, as a new vertex of degree 1 was created. We may 
therefore repeat the process inductively until we obtain a tree T with |N’| = |N|+ A, 
Neumann vertices. 

Since the eigenvalues are reduced at every step, Ag(T) > Ax(T). It is therefore 
enough to verify the inequality for trees. 

Given a tree T we can find an arbitrarily small perturbation under which the k- 
th eigenvalue is simple and its eigenfunction is nonzero on vertices [82]. In these 
circumstances the k-th eigenfunction has exactly k nodal domains [50, 433, 465] 
(see also [80, Thm. 6.4] for a short proof). Each nodal domain is a subtree Tj, 
and with vertex conditions inherited from T° (plus Dirichlet conditions on the nodal 
domain boundaries), A, (T) is the first eigenvalue of the subtree. 

There are at most |N | subtrees with some Neumann conditions on their pendant 
vertices. Since these are nodal subtrees (k > 1), there are also some pendant vertices 
with Dirichlet conditions and we can use estimate (12.15) in the form £L;k > 2/2. 
The same conclusion is true if k = 1 and T has at least one Dirichlet vertex. 


T E, 
V° Eo me 0 


Fig. 13.1 Disconnecting the edge Eo from the vertex V? in the proof of Theorem 13.2. This 
operation reduces £; by 1 at the expense of increasing the number of Neumann vertices by 1 
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If k > |N|, we also have at least k — |N| subtrees with only Dirichlet conditions 
at the pendant vertices. For such trees the ground state energy satisfies the estimate: 
Lja > x. To see this it is enough to realise that the corresponding eigenfunction 
has a maximum and the point where it is attained divides the tree T into at least two 
pieces. Each of the pieces is a tree with at least one Dirichlet vertex and estimate 
(12.15) can be used. 

Summing up we have 


k 


j=l 


When k < |N|, we use estimate (12.15) for each of the k nodal subtrees, 
obtaining Friedlander’s bound. o 


13.1.2 Upper Bounds 


Let us look at the upper estimates for the eigenvalues. 


Theorem 13.3 (Following Theorem 4.9 from [87] Inspired by Ariturk [32]) Let 
T be a connected metric graph with Dirichlet or Neumann conditions at the vertices 
of degree one and standard condition elsewhere. If T is not a cycle, then for all 


keN 


2 x2 
M) < (k-2+ Br +D] + MHEN T, (13.7) 
where the set of Dirichlet vertices is denoted by D and the set of Neumann vertices 


of degree one is denoted by N. 


Proof If T is not a tree (i.e. if Bj > 0) and not a cycle, we repeat the process 
described at the beginning of the proof of Theorem 13.2, disconnecting 6; edges at 
vertices and creating a tree T with 6; additional Neumann vertices of degree one. 
At every step, the eigenvalue goes down, but not further than the next eigenvalue. 
The reason is very simple: from any two eigenfunctions of the Laplacian on the 
graph with the chopped vertex, one may always glue together a trial function for 
the original graph with the Rayleigh quotient not exceeding the maximum of the 
Rayleigh quotient for each of the functions in the pair, therefore we have A, (T) < 
Ax-+p,(T) and the bound for general graphs follows from the bound for trees, 6; = 0 
(see also [80, Thm 3.1.10)]). 

It is enough to prove the theorem for trees T and we shall use induction on the 
number of edges. The inequality turns into equality for a single edge with either 
Dirichlet or Neumann or mixed conditions. 


322 13 Higher Eigenvalues and Topological Perturbations 


Choose an arbitrary vertex V° of degree dy and divide the corresponding 
equivalence class into two, denoted by V’ and V” and having dọ — 1 and 1 elements 
respectively. We introduce standard conditions at V’ and Dirichlet conditions at V”. 
This process corresponds to chopping off from T the branch growing from V” and 
introducing Dirichlet conditions at the root V”. We denote the resulting trees by T’ 
and T” respectively. It is clear that 


A(T) < Agi (T'U T”), 


where Dirichlet condition is assumed at the root of T”. Here T’ U T” denotes the 
union of two metric trees. This inequality follows from the fact that from any k + 1 
eigenfunctions on T’ U T” one may always build k continuous functions on the 
original tree T, and the Rayleigh quotient for these trial functions does not exceed 
àk+1ı(T' U T”). 

We denote by £’ and £” the total lengths of the subtrees T’ and T” respectively. 
The numbers of Dirichlet and Neumann vertices satisfy 


ID| = |D + |D" -= 1, |N] = |N] + IN", 


as a new Dirichlet condition is introduced at V”. 

The k + 1-st eigenvalue of T’ U T” coincides with the eigenvalue either on T’ or 
on T”. Assume without loss of generality that Ax4.1(T’ UT”) = à; (T”) for a certain 
j, then we get 


LY) < LAr (T U T”) 


< L'y àr- j+ T) + L" Aj) 


<a(k-j+1-2+ID+ 4) +r (j -2+ 10+ 4) 
=x (k-2+ |D] + 8). 


This completes the proof. o 


13.1.3 Graphs Realising Extremal Eigenvalues 


For large indices the lower (13.6) and upper bounds (13.7) give the following two- 
sided estimate: 


x? (. IN|) Bi wI IN| 3 
al 7 +) sy s F (3-241014 4a). (13.8) 
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Fig. 13.2 Looptree with 4 D 
Dirichlet and 2 Neumann 
vertices and 2 loops D 
D 
D 
NN 


We already know that the estimates are sharp since there exist graphs realising both 
the lower and upper bounds [353]. What is more remarkable is that there exist 
graphs where both estimates are realised simultaneously. Since the upper bound 
is never equal to the lower one, we need highly degenerate eigenvalues to realise 
the estimates. This is possible if one considers looptrees—tree graphs with loops 
attached to some of the degree one vertices. One assumes that Dirichlet or Neumann 
conditions are introduced at the other degree one vertices. Carefully adjusting the 
lengths of the Dirichlet and Neumann pendant edges and of the loops allows one to 
create graphs with degenerate eigenvalues À jmin = A jmin+] =°°* = À jma Where 


Jmax? 
ef IN| £ 
À jmax = £2 Jmin 2 2 


2 
T ; IN| 3 
À jimin = Tz (J — 2+ IDI + +361). 


2 


The construction of such graphs is described in [469]. One of the simplest looptrees 
is presented in Fig. 13.2. 


Problem 56 Determine the lengths of the edges and loops, so that the eigenvalue 
estimates (13.8) are sharp for the graph depicted in Fig. 13.2. 


13.2 Gluing and Cutting Vertices with Standard Conditions 


The results presented here are completely analogous to those proven in Sect. 12.5. 
Therefore we skip the proofs leaving them for interested readers to work on. 

In Theorem 12.9 we assumed that the graph is connected, since the estimate was 
trivial for non-connected graphs: for graphs with at least two connected components 
we have formally àı(T) = à2(T) = O. It is natural to drop the connectivity 
requirement if one is interested in higher eigenvalues: 


Theorem 13.4 Let be a metric graph and let T” be another metric graph obtained 
from T by joining together two of its vertices, say V! and V7. Then the following 
inequality for the eigenvalues of the standard Laplacian holds: 


An T) < An T^). (13.9) 
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Problem 57 Use the minmax principle (Proposition 4.19) for general n to prove 
Theorem 13.4. 


The above theorem can be reformulated speaking about cutting vertices instead 
of gluing. In particular Theorem 12.16 can be generalised as follows: 


Theorem 13.5 Let T be a connected metric graph and let Y* be another graph 
obtained from T by cutting one of the edges at an internal point x* producing two 
new vertices V'* and V**. Then the eigenvalues of the standard Laplacian satisfy 
the following inequality 


An(L'(P)) > An(L*(*)). (13.10) 


Problem 58 Prove Theorem 13.5. How to modify the second statement in Theo- 
rem 12.16 in order to cover higher eigenvalues? 


One may conclude that our intuition acquired investigating the spectral gap can 
be applied to higher eigenvalues of the standard Laplacian. It is straightforward to 
include Schrédinger operators with standard conditions, but one has to be careful 
when vertex conditions are not standard. To understand what should be modified we 
look first at scaling-invariant vertex conditions, leaving the most general conditions 
for the last section. 


13.3 Gluing Vertices with Scaling-Invariant Conditions 


13.3.1 Scaling-Invariant Conditions Revisited 


The ideas previously developed can be applied to vertices with arbitrary vertex 
conditions. Let us start our analysis by discussing gluing of scaling-invariant 
conditions. Let us recall that scaling-invariant vertex conditions at a vertex V of 
degree d correspond to a parameter S in (3.21), which is not only unitary but also 
Hermitian. Every such d x d matrix S has just eigenvalues —1 and 1 so that the 
corresponding eigensubspaces span the space C: 


Pi + Pi = Iça. 


The vertex condition can be written as two projectors (3.33). One may say that 
scaling-invariant conditions are a combination of Dirichlet and Neumann conditions 
on two mutually orthogonal subspaces. Denoting the eigensubspace of S associated 
with | by D, the same vertex conditions (3.33) can be written as 
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The Dirichlet data at the vertex span the subspace D, while the Neumann data span 
the orthogonal complement D+: 


u eD, 
(13.11) 
due DŁ, 


Note that the vertex conditions are properly connecting if and only if both the 
Neumann subspace D and the Dirichlet subspace DŁ do not contain basis vectors 
from the standard basis in C?. 

Assume for example that D contains the vector é; from the standard basis in Ci. 
Then every vector from the orthogonal complement DŁ has zero j-th component 
and therefore condition (13.11) implies that 


ðu(xj) = 0. 


At the same time no restriction on u(x;) is imposed by the requirement “7 € D. In 
other words, the limit values u(x;) and du(x;) are not related to other limit values. 
The vertex can be split into two vertices implying that such vertex conditions are 
not properly connecting. 

The case where D+ contains a vector from the standard basis is completely 
similar - the roles of function values and normal derivatives are interchanged. 

Two examples of properly connecting scaling-invariant conditions are: 


e one-dimensional conditions corresponding to D spanned by a certain fixed 
vector 4 € C? with all non-zero coordinates; 

° hyperplanar conditions given by D = {ai € C? : ù L b}, where b e C4 isa 
certain fixed vector with all non-zero coordinates. 


If at least one of the coordinates in & or b is zero, then the orthogonal subspace 
contains one of the vectors from the standard basis in C? and therefore the 
corresponding vertex condition is not properly connecting. 


13.3.2 Gluing Vertices 


Consider two vertices V! and V? with scaling-invariant conditions. Let us denote 
by Dı C C% and D? C C® the corresponding Neumann subspaces and assume 
that they are canonically embedded into C? = C+ by assigning zero to all 
coordinates not related to the corresponding subvertex. 

We wish to connect these vertices into one common vertex V by assigning 
scaling-invariant conditions. In other words, we need to select a new Neumann 
subspace D’ e C4 = Ctd, The subsbace Di + D2 cannot be used directly 
without any modification - the corresponding vertex conditions are obviously not 
properly connecting by construction. In principle, the subspace D’ can be chosen 
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arbitrarily, but it is natural to look for a procedure giving D’ as a certain modification 
of Di + D2. 
There are two obvious modifications 


1. Gluing by restriction 
Select a subspace € C Dı + D2 and define the new Neumann subspace by 
requiring that all its elements are orthogonal to €: 


D = |i eD +D: iLE], (13.12) 


2. Gluing by extension 


Select a subspace F C (D it D)” and define the new Neumann subspace by 
adding F to Dı + Do: 


D'=D +D +F. (13.13) 


One has to be careful selecting the subspaces € and F and check that the new 
vertex conditions are properly connecting. 

It is straightforward to generalise the developed methods for the case where more 
than two vertices are joined together. 


Problem 59 How to describe gluing vertices with scaling-invariant conditions for 
the case of several vertices. 


Problem 60 Is it possible to glue vertices by combining extension and restriction 
procedures? Provide explicit examples to support your answer. 


Let us discuss how these modifications work when applied to one-dimensional 
and hyperplanar conditions. 


Gluing Vertices with One-Dimensional Vertex Conditions 


We plan to preserve the character of vertex conditions, so that new vertex conditions 
are also of one-dimensional type. 

Assume that Dj are spanned by a;. Then we have Dı + D3 is spanned by a; and 
a). Obviously dim(D; + D2) = 2 and the first gluing method should be used. We 
get vertex conditions of one-dimensional type if we select a vector a € Dı + D2. 
Every such vector is a linear combination of a; but should be different from the 
basis vectors 


a= hiai +h2%2, hyho £0. 
We get vertex conditions of one-dimensional type with 


D' spanned by a = ha, + hoa. 
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Standard conditions is a special case of one-dimensional scaling-invariant condi- 
tions with a = (1,1,..., 1). Therefore when gluing standard vertices it is natural 
to choose hy = hz = 1 so that 


a = (1,...,1,0,...,0)€C%, 
—=—S4 
dı 
a2 = (0,...,0,1,..., 1) € CÈ, 
a 


a = (1,1,...,1) € C. 


Gluing Vertices with Hyperplanar Vertex Conditions 


Gluing hyperplanar vertices we want to preserve their hyperplanarity. Assume Dj = 
(@eCU sal bj}, dim D; = dj — 1. Then dim (D; + D2) =d —2: 


Di +D = {ii e C4: i, by) =0 = (i, b2)}. (13.14) 


We need to use the second gluing method to increase the dimension of the supspace. 
One has to select a single vector b € L{b1, b2} without zero coordinates. Every such 
vector is of the form 


b = hibı +h2b2, hih £0. 


The corresponding conditions are given by 
D= [ü C4: GLb = hbi + hobo} . (13.15) 


An important class of hyperplanar conditions is given by vectors bj = 
(1,1,...,1) € Ch, The situation is similar to standard conditions with the only 
one natural choice for b = (1, 1,...,1) € C3 (see [450]). 


13.3.3 Spectral Gap and Gluing Vertices 
with Scaling-Invariant Conditions 


Let us generalise Theorem 13.4 by allowing scaling-invariant conditions and non- 
zero potentials (considering Schrödinger operators instead of Laplacians): 


Theorem 13.6 LetT be a metric graph with selected vertices V! and V?, and let 
I’ be the metric graph obtained from T by joining the vertices V' and V? into one 
vertex V. Let the vertex conditions (determined by the matrices S, S') on T and Y’ 
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be scaling-invariant and obtained from each other either by restriction (13.16) or by 
extension (13.17). Assume that the potential q is absolutely integrable q € Lı (T), 
then the eigenvalues of the Schrödinger operators on T and I" satisfy the following 
inequalities: 


1. If the gluing is given by restriction as described in (13.12), then 
A LST) < ALS T). (13.16) 
2. Ifthe gluing is given by extension as described in (13.13), then 


a; (L$ T)) > aS T’). (13.17) 


Proof Presence of the potential does not affect the proof so much, since the 
quadratic forms for the Schrödinger operators on I and T” are given by the same 
expression (see (11.9)): 


fl |x’ (x) dx +f qœ)lu(x)|?dx, 
r Tr 


provided the functions on the graphs [ and I” are identified. For both forms 
the function u should belong to the Sobolev space Wi (En) on every edge. The 
difference between the form domains lies in the conditions the function u satisfies 
at the vertices affected by the gluing. Let u denote the vector of function values at 
the vertices V! and V? or at the vertex V. Then the vertex conditions for I and T” 
are 


eDi +D2, eD, 


respectively. 
If the vertices are glued by restriction then obviously 


ù eD >ù eD +D,, 


i.e. the domain corresponding to T” is smaller, hence all eigenvalues are larger due 
to the minmax principle (Proposition 4.19). 

In the case of gluing by extension, the quadratic form associated with T’ has 
larger domain, hence the eigenvalues are smaller leading to (13.17). o 


In particular, it follows that gluing vertices with standard conditions the eigen- 
values may only grow, while gluing vertices with hyperplanar conditions the 
eigenvalues may only decrease [450]. 
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Let us briefly discuss the most general case of gluing vertices. Consider a quantum 
graph with selected vertices VÍ, j = 1,2, of degree d;. Assume following 
Sect. 3.8.2 that the vertex conditions are determined by selecting subspaces Dj C 
C4i and Hermitian matrices A j acting in Dj. Assume that gluing the vertices into 
one vertex V the vertex conditions are given by a subspace D’ C C? = Ct% and 
a Hermitian matrix A’. We are interested in selecting conditions that guarantee that 
the eigenvalues of the glued graph behave monotonically upon gluing. The answer 
can be given in terms of the quadratic forms (u, Au)p associated with the vertex 
conditions. 

We are going to say that a quadratic form a(u,u) with the domain Da 
subordinates a quadratic form b(u, u) with the domain D, if and only if: 


e Da Cc Dp, 
e atu,u) > btu, u) for any u € Da. 


Under the same conditions we are going to say that b is subordinated by a. Both 
conditions above are important, since the two quadratic forms can be compared 
only if one of the forms is defined on the intersection of the form domains. 


Theorem 13.7 Let LSAT) be a Schrödinger operator on a metric graph T with 
vertex conditions at the vertices V! and V? determined by the subspaces Dı and 
Dz and Hermitian matrices A, and Az respectively. Let T’ be the metric graph 
obtained from T by joining together the two vertices introducing vertex conditions 
determined by the subspace D' and Hermitian matrix A'. Then the eigenvalues of 
the Schrödinger operators on T and T" satisfy the following inequalities: 


1. If the quadratic form (u, A'u)p for the joined vertex is subordinated to the sum 
of the quadratic forms (u, A\u)p, + (Ŭŭ, A2u)D, corresponding to the vertices to 
be joined, then 

AOU aay). (13.18) 

2. If the sum of quadratic forms (u, Aju)p, + (u, A2ŭ)p, associated with the 


vertices V! and V? is subordinated by the quadratic form (u, A'u)py for the 
joined vertex, then 


Ag EEO (PY) = EGO). (13.19) 


Defining sums of quadratic forms above we assume that each of the terms is 
canonically extended to the common domain Dı + D2 as 


(ü, Aju) D,+D, = (Pp,4, AjPp,4)p;, fj = 1,2. 
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The theorem can be proven by just repeating the arguments used to prove 
Theorem 13.6. The only difference is that one should not only take into account 
conditions determining the set of admissible functions, but look at the corresponding 
quadratic forms that are going to satisfy suitable inequalities. Observe that the 
theorem gives just sufficient conditions for the eigenvalues not to increase/not to 
decrease; moreover we do not study under which conditions the eigenvalues are 
preserved. 


Problem 61 Prove Theorem 13.7 using the minmax principle. 


Problem 62 Reformulate Theorem 13.7 for the case of delta conditions at the 
vertices. 


Problem 63 Generalise Theorem 13.7 for the case where more than two vertices 
are glued together. Is it always possible to consider such gluing as a sequence of 
pair-wise gluings? 
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Chapter 14 N 
Ambartsumian Type Theorems chete; 


Obtained spectral estimates will be applied in this chapter to prove a direct analog 
(for differential operators on graphs) of the celebrated Ambartsumian theorem. The 
original theorem from 1929 [29] states that the spectrum of the Schrödinger and 
Laplace operators on compact interval coincide if and only if the potential in the 
Schrödinger equation is identically equal to zero, provided Neumann boundary 
conditions are assumed at the endpoints. This theorem laid a ground for the inverse 
spectral theory in dimension one. Borg-Marchenko theory [105, 106, 379, 381] 
and later Faddeev-Gelfand-Levitan-Marchenko [219, 233, 234, 380] inverse spectral 
theory in dimension one grew from this wonderful theorem. The reason I call 
it wonderful is that it is rather unique, since if the potential in the Schrödinger 
equation is not identically equal to zero, then to reconstruct it one needs two spectra: 
for example the spectra of the Schrödinger equation with Dirichlet-Dirichlet and 
Dirichlet-Neumann conditions at the endpoints. In the case of Ambartsumian the 
potential is determined by just single spectrum. Of course the zero potential which 
is “determined” is exceptional. 

Consider a Schrödinger equation on a finite metric graph. There is not much 
sense to include the case of non-zero magnetic potential, since it is spectrally 
equivalent to a special change of vertex conditions. Hence the Schrödinger operator 
(as any quantum graph) is determined by three parameters: 


e the metric graph I (finite and compact); 
e the potential q (real and integrable); 
e the vertex conditions (Hermitian and properly connecting). 


Among these parameters the following particular values are going to play a very 
special role in our studies: 


e single interval J = [0, £]; 
e zero potential g(x) = 0; 
e standard vertex conditions (given by (2.27)). 
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These particular parameters will be called exceptional. The reason for this name 
is not only that precisely these parameters appear in the Ambartsumian theorem 
and its generalisations—these values of the parameters are most natural to assume 
if very little is known about the quantum graph. For example, let us fix the total 
length of the metric graph, then the interval [0, £] is the graph with the simplest 
topology. Moreover, a single interval minimises the spectral gap for the standard 
Laplacian. Zero potential is essentially the only potential that can be prescribed 
without any knowledge of the metric graph. The same argument applies to standard 
vertex conditions: if nothing is known about the geometry and topology of the graph, 
then it is natural to require that the functions from the domain are continuous at the 
vertices. Assuming this and taking into account that the quadratic form is given 
by the Dirichlet integral Ir |u’(x)|?dx we get standard vertex conditions for the 
functions from the domain of the operator. Our studies will prove for another one 
time that these parameters are not only natural, but possess exceptional properties 
in relation to the inverse problem. 

The inverse problem for quantum graphs consists of reconstructing all three 
parameters from certain spectral data. In this chapter we consider the smallest 
possible set of spectral data—just the spectrum of the Schrödinger operator. We 
restrict our studies to finite compact quantum graphs, hence the spectrum is a set of 
eigenvalues satisfying Weyl’s asymptotics. This set is usually not enough to recover 
all three members of the triple, but we shall systematically step by step consider 
particular problems, where some of these parameters are fixed. 

It is natural to start from the case where two of the parameters are fixed and only 
one parameter varies and continue with the case where just one of the parameters 
is fixed. Each time when the parameters are fixed, we assume that they coincide 
with the corresponding exceptional ones. Several uniqueness theorems will be 
proven, while counterexamples will be presented in the cases where no uniqueness 
is observed. 

We are going to follow the approach developed in the series of papers [97, 356, 
357]. We shall continue our studies in the next chapter without assuming that any of 
the members of the triple is fixed to coincide with the exceptional one. 


14.1 Two Parameters Fixed, One Parameter Varies 


In this section we describe uniqueness theorems for the Schrödinger operator LS (T) 
in the case where two out of three parameters are not just fixed, but coincide with 
the exceptional ones described above. 
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14.1.1 Zero Potential Is Exceptional: Classical Ambartsumian 
Theorem 


Our aim in this section is to prove the classical Ambartsumian Theorem, which can 
be formulated (in our notations) as follows 


Theorem 14.1 Assume that potential q is absolutely integrable: q € L(I). The 
spectrum of the standard Schrödinger operator on the interval I = [0, £] coincides 
with the spectrum of the standard Laplace operator 


2 
ALD) = nL) (= an D7) 5 md, 2A a 


if and only if the potential q is equal to zero almost everywhere 
q(x) = 0. 
To prove this theorem we shall not follow the original article by V. Ambartsumian 
[29], but will use an approach based on the integral transformation operator instead 


[234, 375]. The key ingredient is the existence of the integral kernel K(., -) 
connecting solutions to the Schrödinger and Laplace equations. 


Theorem 14.2 Suppose that p(x, à) is the solution to the equation 
— of, +q(x)y =k 9, (14.1) 
satisfying the initial condition 
g(0,A)=1, 90,4) =0. (14.2) 


Then there exists a unique function K (-, -) having locally integrable first derivatives 
with respect to each of the variables, such that! 


x 
g(x, A) = cos kx +f K(x, t)coskt dt, (14.3) 
0 


X 


K(x, x)= sf q(t)dt. (14.4) 


' Here cos kx is the unique solution to the differential equation with zero potential, which satisfies 
the initial conditions (14.2), so that Eq. (14.3) connects this function and (k, x). 
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Proof We do not give here a detailed proof of this theorem, but just mention that 
the function K (-, -) can be found as a solution to the Goursat problem for the wave 
equation 


a°K (x, t) 3K (x, t) 
= +q(x)K(x,t) = -a (14.5) 
in the region 0 < t < x satisfying the boundary conditions 
1 x 

K(x,x) = >| q(t)dt, 
0 14.6 
OK (x,0) _ 0 oe) 

a 

oO 


Do not proceed further without solving the following problem, which will be 
important for our future considerations: 


Problem 64 Show that if K (-, -) is a solution to the wave equation (14.5) satisfying 
the boundary conditions (14.6), then formula (14.3) provides a solution to the 
differential equation (14.1) satisfying the initial conditions (14.2). 


A point à belongs to the spectrum of the Schrödinger operator on [0, £] with 
Neumann boundary conditions if and only if A (€,A) = 0,2 which can be written 
using (14.3) as 


£ 
—ksinké + K (£, £) cos kl + i K, (0, t)coskt dt = 0. (14.7) 
0 


We already know that the eigenvalues A, satisfy Weyl’s asymptotics kn — Fn = 
o) (see (4.25)). Let us calculate the first correction term putting 


T ao 
kn+1 = Shp AA 
£ n n 


with yn ——— 0. Substituting this representation into (14.7) we get 
noo 


Cnt 24 Denu |E + Z + 00/n] + KE OK" fi + 0an] 
£ n n n, n 


+f K,(@, t) cosk,t dt = 0. 
0 


2 The condition g1 (0, A) = 0 is fulfilled due to the representation (14.3). 
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Taking into account that K,(-,t) € Lı(0, £) and kn — oo we conclude that the 
integral term tends to zero 


£ 
f K,(é, t) cosk,t dt ——> 0. 
0 n—- oo 


It follows that 


_ KO _ fg qat 


ao 
T 27 


In other words, we have proven the asymptotics 


£ 2 
3 T q(t)dt 1/2 1 
kn(LgD) = 5 (> +h — (<) _+ oam) ; (14.8) 
$ 
in the case where I is a single interval of length £. The term ma determining 


the fist correction is nothing else than the mean value of the potential and it is not 
surprising that it appears here, since adding a constant to the potential shifts all 
eigenvalues by the same constant. 


Proof of Theorem 14.1 Assume that the spectrum of the standard Schrödinger and 
Laplace operators coincide 


An (L(I) = (For E D) = Aa (L*(D), n=1,2,.... 


From the asymptotic formula (14.8) we conclude that 


£ 
I q(t)dt = 0, (14.9) 
0 


because the remainder term in formula (14.8) is o(1/n), not O(1/n). Therefore the 
function u(x) = 1 is a minimiser for the Rayleigh quotient 


e Ł 
f woorar+ f| g(x)|u(x)[2dx 
0 0 


£ 
f |u(x)|"dx 
0 


=0, 
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since the second integral in the numerator vanishes due to (14.9). Remembering 
that A; = 0 is the unique lowest eigenvalue, we conclude that the function u = 1 
satisfies the differential equation 


— u" (x) +q(x) u(x) = 0 
< y 
=0 = 1 


implying that g(x) = 0. o 


To prove the theorem it was crucial that the functions from the domains of the 
Schrödinger and Laplace operators satisfy Neumann conditions at the endpoints. 
To prove that g(x) = O it is enough to require that MCLE )) = 0 and 


An (LIC) — An(L"(D) = oF). 


14.1.2 Interval-Graph Is Exceptional: Geometric Version of 
Ambartsumian Theorem for Standard Laplacians 


Our goal in this section is to prove that the spectrum of the standard Laplacian on 
a metric graph coincides with the spectrum of the standard (Neumann) Laplacian 
on an interval if and only if the graph is the interval. In fact we are going to prove 
a much stronger result, namely that the spectral gaps of the standard Laplacians on 
a metric graph and on an interval of the same total length are equal if and only if 
the graph is the interval. The result holds only if we agree to remove all vertices of 
degree 2 and therefore to identify a set of chain-coupled intervals with one interval 
having the length equal to the sum of lengths in the set.’ It is interesting to note that 
the theorem we are going to prove does not require that all eigenvalues coincide 
(like in the classical Ambartsumian theorem), but just the first two (the ground 
state and A). In fact the requirement that the ground states are the same is fulfilled 
automatically for standard Laplacians. 


Theorem 14.3 Let L*(T) be the standard Laplace operator on a connected finite 
compact metric graph T of total length L(T). Assume that the first (nonzero) 
eigenvalue of L*(T) coincides with the first nontrivial eigenvalue of the standard 
Laplacian L*(T) on the interval I of the same length L(I) = L(V) 


2 
A2(L*(T)) = à2(L*(1)) = (=) (14.10) 


then the graph T coincides with the interval I. 


3 We have already discussed that the corresponding operators are unitarily equivalent via obvious 
identification of points on the graphs, hence there is no reason to distinguish such metric graphs. 
Remember that this holds for standard vertex conditions only. 
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Proof We are going to use the proof of Theorem 12.1, which states that à2 (L*(T)) 


2 
can be estimated from below by (zis) . If you inspect the proof carefully, you 
will see that the graph for which the estimate is sharp is essentially unique. 


Assume that A7(L‘*(L)) = aaah and consider the corresponding eigenfunc- 
tion y2. As in the proof of Theorem 12.1, let us double all the edges in F to get the 
graph r°. We denote by Wo the extension of y» to the doubled graph I’? assigning 
the same values on the new edges. 

The graph T? is balanced (all vertices have even degree) and therefore there exists 
an Eulerian path—a closed path visiting each edge precisely once. In our picture, 
this implies that the vertices can be chopped turning T? into the loop Sc. Hence 
the function Wo can be considered as a function on the loop Sz. Obviously, Wr is 
orthogonal to the constant function, therefore since Aa (L*(T)) = Aa (L*(S2£)) = 


2 
(= 5) , the function Wo itself is an eigenfunction for the Laplacian on the loop 


corresponding to the first non-zero eigenvalue. Choosing proper parametrisation 
of the loop this function just coincides with cos Fx. The function y2(x) can be 


reconstructed from Wo(x) = cos rx by gluing its values on the pairs of edges 


appeared during doubling. The values of Wr cover the interval [—1, 1] precisely 
twice, implying that there exists just one way to glue points on the loop together 
to get IT back. To get T? back from Sz¢ one needs to glue together the points 
corresponding to the vertices in I?. The values of Wo at these points should be equal, 
hence any possible T? is obtained from S2¢ by identifying few points with equal 
values of Wo. Hence I’? is just a chain of cycles joined together. The corresponding 
T is a chain of intervals joined at degree two vertices. 

It follows that T is essentially just one interval. It might happen that T is formally 
given by a chain of intervals, but then there exists just one way to glue these intervals 
together keeping y continuous and having w’ = 0 at the endpoints. Since we agreed 
to remove vertices of degree 2, the unique graph T is the interval of length C(I). 

oO 


This theorem can be seen as a geometric version of Ambartsumian theorem: 
it shows that single interval, in relation to other metric graphs, plays the same 
exceptional role as the zero potential in the one-dimensional Schrödinger equation. 

Theorem 14.3 has several important corollaries, we shall also reformulate the 
theorem in order to fit Ambartsumian’s original formulation: 


Corollary 14.4 Ifthe spectral gap for the standard Laplacian on a compact finite 
connected metric graph coincides with the spectral gap for the single interval of the 
same total length, then all other eigenvalues coincide as well. 


The theorem can also be reformulated as follows without introducing the total 
length of the graph. 
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Corollary 14.5 Let L*(T) be the standard Laplace operator on a finite compact 
metric graph T. Assume that the first non-trivial eigenvalue of L* (T) satisfies 


a2 = lim Z (14.11) 


then the graph T is formed by one edge. 


This corollary can be proved by noting that 


Therefore it is possible to get rid of the total length in the formulation substituting 
it by the asymptotics. 


Theorem 14.6 Assume that the metric graph T is finite and compact. Then the 
spectrum of the standard Laplacian on I coincides with the spectrum of the 
standard (Neumann) Laplacian on an interval I 


An(LS(P)) = àn (L) (14.12) 


if and only if the metric graph coincides with the interval. 


Proof This statement is an easy corollary of Theorem 14.3, since the spectra of 
standard Laplacians L*(T) and L‘'(/) satisfy Weyl’s asymptotic (4.25) and hence 
are isospectral only if the lengths of the two graphs coincide, i.e. L (T) = £U). o 


Theorem 14.3 cannot be generalised directly to include balanced graphs. In other 
words, it is not true that if a standard Laplacian on a balanced graph has the same 
spectral gap as the standard Laplacian on a circle of the same total length, then the 
graph is a circle. We present here a counterexample. 


Example 14.7 Consider the figure eight graph T (2.4) shown in Fig. 14.1. It has the 
same spectral gap as the loop graph of the same total length, also the first non-trivial 
eigenvalue is not degenerate. 


On the other hand, the method presented in the proof of Theorem 14.3 can be 
generalised to show that all balanced graphs with the same spectral gap as the loop 
are given by a chain of circles coupled to each other as in Example 14.7. 


Fig. 14.1 Graph P'(2.4): two 
loops attached 
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Problem 65 Check all details in Example 14.7. Prove that a standard Laplacian on 
a balanced graph has the same spectral gap as on the circle of the same total length 
if and only if the graph is a chain of circles. 


Problem 66 Show that any balanced graph, such that the first nontrivial eigenvalue 
is degenerate, is a loop. 


14.1.3 Standard Vertex Conditions Are Not Exceptional 


This subsection is rather elementary and we add it just in order to accomplish 
our search for Ambartsumian-type results when just one of the parameters varies. 
Our first intention was just to show that on the interval the spectrum of the 
standard Laplacian differs from the spectrum of the Laplacian with any other vertex 
conditions. It turns out that this statements holds essentially true for any other vertex 
conditions as well, implying that standard conditions are not exceptional in that case. 


Theorem 14.8 The spectrum of the Laplace operator on an interval I determines 
the vertex conditions up to the exchange of the two endpoints. 


Proof Consider first the general case, where Robin conditions are assumed at the 
endpoints: 


u'(0) =hou(O), —u' (£) = heu (8). 
Here we identified the interval J with [0, £]. Every eigenfunction can be written as 
w(x) = acos kx + b sin kx. 
Substituting y into the vertex conditions we get the secular equation 
(ho + he)k cos k£ + (hohe — k?) sin k£ = 0. 
The zeroes kj of this equation determine the eigenvalues A; = ki of the Laplacian. 
As we expected, the secular equation depends just on the sum and product of the 
Robin parameters and therefore is invariant under the exchange ho <> he. Our goal 
is to prove that ho + he and hohe are uniquely determined by the spectrum. Assume 
on the contrary, that the operator with other Robin parameters ho and he has the 


same spectrum and therefore the same zeroes kj of the secular equation. It follows 
that 


(ho + hok (hohe — k?) = (ho + hehh (hohe — k$). 
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Since kj grow linearly with j due to Weyl’s asymptotics, we necessarily have 
ho the =ho the. (14.13) 
If ho + he # O, then it follows that 
hohe = hohe (14.14) 


and we have proven that the Robin parameters are determined up to the exchange of 
the endpoints. 

Consider now the case ho + he = 0, which means that he = —ho =: h. It is easy 
to see that A = 0 is not an eigenvalue, unless A = 0 and the spectrum of the problem 
is determined by the secular equation 


(h? + k?) sink = 0. 
Hence there is one negative eigenvalue 
k= =h? 


with the eigenfunction y1 = e”*. All positive eigenvalues coincide with the positive 
eigenvalues of the Neumann Laplacian 


2 
ya (Fa- 1) WEDS A 
with the corresponding eigenfunctions 


aÉ 
z sin — (n — 1)x 
Wn Fey ti lx +h x 
—(n—1 
zí ) 
The spectrum determines h up to a sign, i.e. up to flipping of the end-points. 
It remains to consider the case, where at one or both endpoints Dirichlet 
conditions are assumed. We leave this problem as an exercise. o 


Problem 67 Show that the spectrum of the Dirichlet-Dirichlet Laplacian on an 
interval is different from the spectrum of any other Robin Laplacian on the same 
interval. Prove the same result for the Laplacian with Dirichlet condition at one 
endpoint and Robin condition at the other one. 


In some sense, the fact that any vertex conditions are uniquely determined by the 
spectrum of the Laplacian on the interval is surprising. As we shall see later on, the 
vertex conditions are harder to determine than the potential or the graph. 
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Our next step is to study the uniqueness theorem in the case where just one of the 
parameters is fixed to coincide with the exceptional one, the other two parameters 
are free. 


14.2.1 Standard Vertex Conditions Are Exceptional: 
Schrödinger Operators on Arbitrary Graphs 


In this section we prove Ambartsumian-type result in the case where the vertex 
conditions are assumed to be standard. More precisely, we show that if the 
spectrum of the standard Schrödinger operator with absolutely integrable potential 
coincides with the spectrum of the standard (Neumann) Laplacian on an interval, 
then the graph is the interval and the potential is identically equal to zero. This 
statement is not just a formal combination of the classical Ambartsumian theorem 
(Theorem 14.1) and its geometric version (Theorem 14.6). On the other hand, the 
above mentioned theorems will help us: when we manage to show that the graph T 
coincides with the interval 7, then Theorem 14.1 will do the rest. 

Our strategy will be the following. In addition to Ler) consider the standard 
Laplacian on the same metric graph, L*(T). The spectral estimates, proven in the 
previous chapter, imply that these operators are asymptotically isospectral. This 
implies that the standard Laplacians on I’ and on the interval are asymptotically 
isospectral. Our key step is to prove that this is possible only if these operators are 
isospectral. 

The key statement holds true in a more general situation: two standard Laplacians 
are asymptotically isospectral if and only if they are isospectral (Theorem 15.14). 
This observation implies that the spectrum of Laplace operators on metric graphs 
possesses certain rigidity—by deforming the graph one cannot just shift few 
eigenvalues a little bit. It is unavoidable that the changes of the spectrum destroy 
the estimate (11.30). The main reason for such behaviour of the spectrum is that it is 
given by zeroes of a certain almost periodic function. More about this can be found 
in the next chapter, where the general result will be proven. Our goal right now is 
to prove this statement in the simplest case, where one of the metric graphs is an 
interval. The proof in this situation is not only much simpler, but we believe that it 
is rather elegant. 

The proof is based on the fact that the spectrum of a standard Laplacian is given 
by zeroes of a trigonometric polynomial (see Theorem 6.1): 


J 
p(k) =} pje” =0. 
j=l 
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We shall need two technical lemmas. 


Lemma 14.9 [97] Given w,...,@j E R there exists a subsequence {m;i} of the 
natural numbers such that 


lim emi — 1, j=1,2,..., J. (14.15) 
I> 0O 
for each wj. 
Proof Let us denote by @ := (@1, @2, ...@7). It is enough to consider projections 
of the vectors mō to the J-dimensional torus T” = (R/2nZ)! . The torus is 


compact, the sequence is infinite, hence there exists a subsequence n;@, such that the 
corresponding projections converge on the torus. These projections form a Cauchy 
sequence and therefore for any € there exists I = I(€) such that for any i1, i2 > I(e) 
it holds 


efi Mi Min) = 1] <€. 


Taking any sequence €; joo 0 we may choose i; (€) = I(e;) and iz(€) > I(e€;) 
sufficiently large, so that 


Mi = Rista) — Nii) 


is an increasing sequence. Then we have ei™i®; = e! (2) "1147 —> 1 for any j. 
It follows that (14.15) holds. oO 


The following technical lemma on zeroes of such polynomials will be used: 


Lemma 14.10 (J. Boman) Let p be a trigonometric polynomial 


J 
pk) =} pyel®*, (14.16) 
j=1 
with w1,@2,...,@7 € Rand pı, p2,..., py € C. If the zeroes kn of p satisfy 
lim (kn — n) = 0, (14.17) 
n—->>=x0o 


then ky =n for all n.* 


4 Note that enumeration of zeroes used in this Lemma does not follow our convention to denote 
the lowest eigenvalue of the standard Laplacian by 4; = 0 implying k = 0. 
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Proof We assume that the sequence m; is chosen so that (14.15) holds. Denoting 
kn — n =: Yn, so that yn tends to zero as n — œ we have for a fixed n 


J 
0 = pkn4m;) = 2 pje”i (n+mi+Yn+m; ) 
E J (14.18) 


J 
=) P eivin ei@jMi pi@jYn+m; en X ' pje iwjn _ = p(n). 
j=l j=! 


The limit follows from the choice of m;, the fact that Yn+m; tends to zero and that 
the sum is finite. 

Since the left hand side is zero by construction, we conclude that p(n) = 0. It 
follows in particular that 


kn —ken <2n +1. 


On the other hand, by assumption k, — n — 0 as n — +o, hence k, = n. This 
proves the lemma. o 


Using scaling arguments, the lemma can be generalised for the case, where kn — 
gn — 0 for some positive £ instead of (14.17). We are going to use this statement 
in the case where instead of (14.17) we have limy-,o0 (kn — (n — 1)) = 0. 

We are ready to prove the theorem, which can be seen as a strong version of 
Ambartsumian theorem for quantum graphs. 


Theorem 14.11 (Boman-Kurasov-Suhr [97]) LetT be a finite compact graph 
and q a real absolutely integrable potential on T. Then if the spectrum of the 
standard Schrödinger operator La) coincides with the spectrum of the standard 
(Neumann) Laplacian on the interval I 


An (L3 T) = = àn (L* (D), (14.19) 


then the graphT coincides with the interval I and q(x) = 0 almost everywhere. 


Proof Assume that all assumptions of the theorem hold, in particular that 


a(n —1) 


st _(ma-) st _ 
An(Lg T) = = => ki(Lg(0)) = T 


(14.20) 


Theorem 11.8 implies that 


lAn (LF ED) — àn (LT) = 00). 


344 14 Ambartsumian Type Theorems 


It follows that the corresponding square roots are close to each other, i.e. the 
operators are asymptotically isospectral 


làn (LF E) — An (E*N) 
Ikn (LFT) + ka (L*T))| 


Ika (L3 (0) — ka (L*(T))| = = O(1/n), 


since à„(L*t(T)) and A, (LE)) satisfy Weyl asymptotics. Taking into account 
(14.20) we see that 


st T 
kn(L? (T))— z” -l)-0. 
Now Lemma 14.10 can be applied to conclude that 
st m 
ka (L T) = z0 = 1), 


since the spectrum of L*t(T) is given by a trigonometric polynomial (5.47). It 


follows in particular that A2 (L*(T)) = (z) implying that I is an interval 
(Theorem 14.3). It remains to apply the classical Ambartsumian Theorem 14.1 to 
conclude that g(x) = 0. oO 


To prove the theorem we combined the classical Theorem 14.1 with its geometric 
version Theorem 14.3 using elegant Lemma 14.10. It might appear that this step 
is rather trivial, but one should remember that we used the spectral estimates 
(Theorem 11.8) forming the basis for our analysis. 


Problem 68 Assume that in the proof of Lemma 14.10 the set {ma} projected on 
the torus is finite. How to construct the sequence m; explicitly? 


14.2.2 Zero Potential: Laplacians on Graphs that Are 
Tsospectral to the Interval 


Our next uniqueness theorem should be devoted to Schrödinger operator with zero 
potential, i.e. to the Laplacian. Instead, we are going to present counterexamples 
showing that such uniqueness theorem does not hold. 

We start by providing two counterexamples constructed using elementary unitary 
transformations or playing with graph’s topology. 

Let T be the graph formed by two edges of length 1/2, e1 = [x1, x2] = [0, 2/2] 
and e2 = [x3,x4] = [2/2,7] and vertices V! = {xı}, V? = {x2, x3}, and 
V? = {x4}. The graph I can be seen as the interval [0, m] with certain conditions 
introduced at the middle point x = 7/2. 
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Example 14.12 (Elementary Counterexample 1) Consider any unimodular func- 
tion © (x) constant on each of the two edges, say 


1, 0O <x < 7/2; 
exp(i0), m/2 <x <7. 


O (x) = | 


Then the operator 


Ao := 09 L*T) (09)! 
-——— 
= L*([0, x]) 


and L*([0, z]) are unitarily equivalent. The operator Ag is the Laplace operator 
defined on the functions satisfying Neumann conditions at V! and V? and vertex 

0 elf 
ei? 0 
Le are not only unitarily equivalent, but the eigenfunctions satisfy 


conditions with $2 = ( ) at the central vertex V2. The operators Ag and 


We Cy? = We? OOP, (14.21) 


i.e. the probability densities for the eigenfunctions coincide. One may say that these 
operators are undistinguishable from the point of view of quantum mechanics. 


Example 14.13 (Elementary Counterexample 2) Consider the Laplace operator 
B defined on the functions satisfying Neumann conditions at both endpoints of the 
left edge [x1, x2] = [0, 2/2] and Dirichlet and Neumann conditions at the endpoints 
of the right edge [x3, x4] = [7 /2, x]. The conditions at the middle vertex of I are 
not properly connecting and the corresponding operator is an orthogonal sum of the 
operators on the two edges, hence the spectrum is given by the union of the two 
spectra 0, 27, 42,... and 1,32,5,... and hence coincides with the spectrum of 
L*((0, 2]). 

The eigenfunctions have support on one of the half-intervals, hence there is no 
chance that a version of formula (14.21) holds. On the other hand, this example 
is not very much interesting, since the graph corresponding to the operator B is 
not connected. This illustrates that isospectrality can be achieved by changing the 
topology of the graph. 


Example 14.14 (Nontrivial Counterexample) Consider again the graph I’ and 
impose Neumann conditions at V! and V°, as is done for standard conditions. At 
V? we impose conditions via a vertex scattering matrix S2 


ab 
s= (2°). 
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We only require that S is unitary, Hermitian and non-diagonal (which ensures 
that S2 is properly connecting), so that a, d € R and c = b. From the normalisation 
of the columns we get that c = V1 — ae” for some 6 € [0, 27) and so b = 
1 — a?e!’ , and from the orthogonality we get that av/1 — a2e!® +dV/1 — a?e? = 
0, and since |a| < 1 we have d = —a, so 


a V1 — a2e!? 
S2(a, 0) = JT aei? = » jal <1. 


As Neumann conditions at the endpoints x; and x4 determine scattering that is 
just reflection with the coefficient 1, we get the total vertex scattering matrix for I 


1 0 0 0 
0 a V1 — ae? 0 
0 
1 


S(a, 0) = S = OVI aei a , la| < 1, 8 € [0, 27). 
0 0 0 
(14.22) 
The vertex conditions are scaling-invariant. 
In this basis the edge scattering matrix Se is given by 
Ce. % 
e2 o 0 0 
Se(k) = 0 o o 2| (14.23) 


0 0 elkn/2 0 
Using that S is Hermitian, the secular equation (5.44) can be written as 
—] eikn/2 0 0 
efkn/2 —a -V1 = aet 0 


0 V1 aei’ a eikn/2 
0 0 e2 


det(Se — S(a, 0)) 


zaj 4: ettikr/2) | 4 eit? =0, 


which is the same as the secular equation for the interval of length x with standard, 
i.e. Neumann, conditions at the endpoints. To prove that Ln (T) has the same 
spectrum as LẸ (LO, x ]), it remains to inspect the ground state. The eigenvalue à = 0 


has multiplicity one for LŠ (2.8) (T), and corresponding eigenfunction is given by 


Ha V1 Fae™?, 0 <x < 2/2, 
oa Vl—-a, W/2<x <7. 


Hence the operators ie (T) and LŽ ((0, x ]) are isospectral. 
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We note that the eigenfunctions are of the form 


_ [vI ae? cos((m — 1)x), O< x < 7/2, 
Oa m/2<x <T; ME 


Hence no formula similar to (14.21) may hold unless a = 0. Note that both operators 


Ag and B can formally be included into the family LÀ oe 


Ap = 1,99, B= 13%. 


(14.24) 

We have thus shown that the insertion of an extra middle vertex with vertex 
conditions given by an arbitrary non-diagonal unitary and Hermitian matrix does 
not change the spectrum of LẸ (LO, x ]). These conditions correspond to all possible 
self-adjoint scaling-invariant conditions at the new mid-vertex, except for the case 
of two disjoint Neumann-Dirichlet intervals or two disjoint Neumann-Neumann 
intervals. For standard conditions a degree 2 vertex is removable but we emphasize 
that while the metric graphs considered above are topologically intervals, the middle 
vertex is generally non-removable for these conditions. 


Problem 69 Use trace formula (8.20) to explain isospectrality of the graphs in 
Example 14.14. 


Presented counterexamples allow us to formulate the following theorem. 


Theorem 14.15 Let a Laplace operator LS (T) with asymptotically properly con- 
necting vertex conditions be isospectral to the standard Laplacian on the interval 
I: x(L3(T)) = E(LÈC)). This does not in general imply that L®® (1%) = 
L(1). 


We note that in the above example S2(a, 0) is Hermitian, so we in fact have that 
re’ = T. What is surprising with the counterexample is that it works with any 2 x 2 
unitary Hermitian matrix. 


14.2.3 Single Interval: Schrödinger Operators Isospectral 
to the Standard Laplacian 


The goal of this section is to show, that there exists an infinite family of Schrédinger 
operators on a single interval, which are isospectral to the Neumann Laplacian on 
it. We start with the Dirichlet Laplacian on the interval [0, 1]. The spectrum is given 
by the eigenvalues 


àn = (nn), n=1,2,... 
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with the corresponding eigenfunctions 
Wn = SIn TNX. 


To get the spectrum of the Neumann Laplacian it is enough to add just one 
eigenvalue—the eigenvalue zero. We are going to get it by inverting Crum’s 
procedure, which describes how to remove the lowest eigenvalue in a Schrödinger 
equation on an interval using the Darboux transform. We are going to follow famous 
paper [150]. 


Crum’s Procedure 


Assume that a Schrödinger operator 


2 


d 
ie -73 t40), h= (ho, hi) € R’, q(x) € R, 


with the domain consisting of functions from w2 (0, 1) satisfying Robin conditions 
u'(0) = hou (0), —w'(1) = hiu (1), 


be given. Denote by 


h 


uh uh 
An i= hn ; Wh = Wn A N= AD os, 


its eigenvalues and eigenfunctions respectively. 

The main idea of the Darboux transform is using several eigenfunctions construct 
a new potential so that the eigenfunctions of the new Schrédinger operator may be 
expressed through the original eigenfunctions. We are going to present here the 
simplest version of Crum’s procedure where just the ground state is used (see [150] 
for general consideration). 

Let us denote by v the logarithmic derivative of y1 


Ww 
WRS ITeS) 


It is non-singular, since the ground state eigenfunction never vanishes. The function 
v satisfies the Riccati equation 


v+u =q) Àl. (14.25) 
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To see this, substitute v as a logarithmic derivative of yı to get the eigenfunction 
equation 


-—wWit¢q@w=Ainm, 


which is obviously satisfied by y1. 
The deformed potential is given by the explicit formula 


7 ; d? 
q(x) = q(x) — 2v (x) = q(x) — 272 In yı (x). (14.26) 


The new Schrédinger operator Le = -2 + q(x) is defined on the functions 
satisfying Dirichlet boundary conditions. The eigenvalues and eigenfunctions will 
be denoted as: 


A iP x LD 
A q S q 
Ant=An’, Wni=Wn*, n=1,2,.... 


The main point of Crum is that the spectrum of the new operator can easily 
be calculated as well as the corresponding eigenfunctions. The spectrum of L? 
coincides with the spectrum of the original operator Lh except that À (Lh) is 
missing: 


An = Ant, n= 1,2,... (14.27) 


The corresponding eigenfunctions Wn can easily be calculated from the eigenfunc- 
tions W,+1 of the original operator 


Pes yf Uae 
Vn = Yı <( i | (14.28) 


Let us check first that Wn determined by this formula satisfy Dirichlet conditions. 
Differentiating we get 


Whar — Vn Vy 


Wn = Yi 


Since yı and +41 satisfy the same Robin conditions at the endpoints, v is equal 
to zero there. 
Multiplying (14.28) by yı and differentiating we obtain: 


d r 
(Win) = dine Herh — eer OT — Vn 
a p 


=(q—Àn+1)Vn+1 =(q-A)V1 


350 14 Ambartsumian Type Theorems 
implying 
d A 
Oa — AnDi Vari = = (Vafa). (14.29) 
Since Wn satisfies Dirichlet conditions we may easily integrate 
A x 1 
pil) Yr) = Oah | Pilt Yn+ı (tdt = -0a—) f WO Wnt (tdt. 
0 x 


Dividing by yı and differentiating 


n(x) = 7 woot [ Opay at 
twice we get 
ax) =- y) I i vi) Wn41 (dt + A = àn YAT Yny (x) 
í Y? (x) Jo yy 


= (M1 — Ant DV) — v(x) n(x); 


A 


W(x) = Ar Angra — vn (a) 
—v(x) (a = aa DV) — vx) dn(x)) 
a 
=p), 
= (WŒ) = vE) = At = Ant) Pn) 
HO = dnt) (Whar — Vat — Pr) 


a 


=0 
= G(x) — Anti) Wn(x), 


where on the last step we used Riccati equation, relation (14.26) to substitute g with 
q and the definition (14.28) of Yn implying that 


Vn = Wayi — vWn41- 


Thus we have not only proven that the function Wn satisfies Dirichlet boundary 
conditions, but that it is a solution to the eigenfunction equation 


—W" +4 =à4 


with A = Àn+1- 
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Checking the number of zeroes of the calculated functions one may prove that 
we have obtained all eigenfunctions of the new Schrédinger operator. Another way 
to show this is to use formula (14.28) to express the original eigenfunctions through 
the new ones: 


Yost =——— + (nin). (14.30) 
Ai Anti Wi dx 


Inverting Crum’s Procedure 


We are looking for the Schrödinger operator Lh having the same spectrum as the 
Neumann Laplacian on the interval 


Anti =n’n?, n=0,1,2,..., 
and the eigenfunctions 
Wy = sin mnx. 


Assume that we carried out elimination of the ground state and obtained the 
Dirichlet Laplacian LP = LP with the spectrum 


în Snn’, n=1,2,... 


Our goal is to find q. To this end, let us examine the Riccati equation (14.25) 
v + = g(x) — Ay =0, 
=0+2v’ =0 
which implies 
1 2 
—v +v =0. (14.31) 
One possible solution to this differential equation is 


—1 
v(x) = IT 


+1 


leading to the potential 


= d _ 2 
q(x) = ae = QD 
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The ground state can be calculated, since v is just its logarithmic derivative 


ie ee 
1x) = Ei 


x+1 


To determine the operator i it remains to provide the Robin parameters which are 
equal to 
1 
ho = v0) = —1, hy = —v(1) = z (14.32) 
The eigenfunctions corresponding to the higher eigenvalues can be calculated using 
formula (14.30) 


i 1 sin mnx 
1 = ——— | AN cosnx — . 
a n?n? x+1 


Constructed explicit counterexample proves the following theorem 


Theorem 14.16 Let Li) be a Schrödinger operator on the interval [0, 1] with 
the real-valued potential q and the boundary conditions determined by Robin 
parameters hg and hy. Then there exists an infinite family of such operators which 
are isospectral to the Neumann Laplacian on I. 


Proof We constructed a single operator with the prescribed property. To obtain 
an infinite family one may consider different solutions to the differential equation 
(14.31). One has just to be careful choosing solutions without singularities inside 
the interval, the rest is similar to the calculations already carried out. oO 


Problem 70 Complete the proof of Theorem 14.16 by considering alternative 
solutions to the differential equation (14.31). What is the reason that relation 


1 1 
noth f q(x)dx =0 
2 Jo 


holds for all constructed counterexamples? 


Our studies in this section show that standard vertex conditions are crucial for 
Ambartsumian-type theorem to hold: fixing any other member of the triple (graph 
or potential) does not allow to extend the Ambartsumian theorem. Only if we assume 
that the vertex conditions are standard, we are able to extend Ambartsumian’s result 
for graphs (Theorem 14.11). 
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Chapter 15 A 
Further Theorems Inspired TCA 
by Ambartsumian 


We continue to derive results in the spirit of classical Ambartsumian Theorem 14.1. 
In the first part we use heat kernel technique to show that a Schrödinger operator is 
isospectral to a Laplacian only if the potential is zero. This part is rather technical 
but does not require any a priori knowledge of heat kernel semigroups. In the second 
part the theory of almost periodic functions is used to obtain uniqueness results for 
Laplace and Schrödinger operators. 


15.1 Ambartsumian-Type Theorem by Davies 


Our goal in this section is to prove that among all standard Schrödinger operators 
on a metric graph, only the operator with zero potential has the same spectrum as 
the Laplacian. In other words, the zero potential is unique among all other potentials 
if one just looks at the spectrum of a quantum graph. In the case where the metric 
graph is just an interval, this fact is the classical Ambartsumian theorem, but the 
graphs considered in this section are arbitrary finite compact metric graphs. We are 
going to assume that such a graph is fixed. In our presentation we are going to follow 
the proof by E.B. Davies [155], but we adapt it to the case of quantum graphs. The 
original proof goes as follows: it is first shown that the statement holds under rather 
general assumptions, then it is shown that the assumptions hold for quantum graphs 
with standard vertex conditions. Adapting the proof we managed to simplify some 
arguments and no deep knowledge of the heat kernel approach to spectral theory 
[154] will be required. 
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356 15 Further Theorems Inspired by Ambartsumian 
15.1.1 Ona Sufficient Condition for the Potential to Be Zero 


If you examine the proof of the classical Ambartsumian theorem (Theorem 14.1) 
you will see that the crucial point is to show that the potential has average value zero. 
For a single interval this follows from explicit spectral asymptotics. For arbitrary 
compact graphs this fact follows from the asymptotic analysis of the heat kernel as 
t — 0. Therefore let us first show that proving that the average value of the potential 
is zero is enough to obtain an Ambartsumian-type theorem. 


Theorem 15.1 /f 


A (LG T> 0 (15.1) 
and 

[aear so, (15.2) 

r 


then q is equal to zero almost everywhere. 


Proof Let us use u(x) = 1 as a trial function for the quadratic form 
P OE OO 
= o+ f q(x)dx. 
T 


Inequality (15.1) implies that Q(1, 1) > 0 and hence 


f awdxzo, 
r 


which in combination with (15.2) implies 
/ q(x) =0 and A (L3 T)) = 0. 
r 


Therefore u(x) = 1 is not only the eigenfunction of the standard Laplacian on T 
but also an eigenfunction of Lo ) since the lowest eigenvalue of the Schrödinger 
operator is simple. Hence, on every edge u(x) = | satisfies the differential equation 


d? 
z zaua) + q(x)u(x) = 0 - u(x) 
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implying 
q(x) =0 


almost everywhere. o 


15.1.2 Laplacian Heat Kernel 


Our goal in this subsection is to study properties of the heat kernel associated 
with the standard Laplacian on a finite compact metric graph I’. The heat kernel 
Hr (t, x, y) is defined as the kernel of the integral operator solving the heat equation 


ð st 
att: x) = —L3u(t, x), x EI, te(0, 00), Suta = esanai 
u(0, x) = uo(x), xel; r 


(15.3) 


In the case where all eigenfunctions Y, of Le and eigenvalues 4, are known, the 
solution can be presented as an absolutely converging series 


[00] 


u(t, x) = doe" Yn (Yn, U0) Lor) (15.4) 


n=1 


leading to an explicit formula for the Heat kernel 


CO 


Hr (t,x, y) = en) Un). (15.5) 


n=1 


Note that the complex conjugation is not needed if the eigenfunctions can be chosen 
real, for example in the case of standard vertex conditions considered here. 

We first study the heat kernel for single interval [—a, a] with Dirichlet boundary 
conditions imposed at the endpoints and use obtained estimates to analyse Laplacian 
heat kernel’s behaviour for small times. 


Heat Kernel for the Dirichlet Laplacian on an Interval 


Consider the operator LP (—a, a). We are interested in the corresponding heat 

kernel. To obtain an explicit formula we use the eigenfunction expansion for the 

Dirichlet Laplacian. The normalised eigenfunctions and eigenvalues are 

. x +a ) TN? 5 

sin mn), an= (Z) n°. 
( 2a 2a 


Vn = 


a 
Ja 
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The heat kernel is given by (15.5) 


CO 
x)\2,2,1 x+a 
Hia a(t, x, =) “GY sin ( 
[ a,a]( X y) À F 24 


) x = 
qn) sin 
2a 


The kernel is a positive continuous function on (0, oo) x [—a, a] x [—a, a]. 
In what follows we shall need an estimate for Jia Hi-a,a}(t, 0, x)dx. 


mn). (15.6) 


Lemma 15.2 The heat kernel Hy-a,q\(t,0,x) for the Dirichlet Laplacian on 
[—a, a] satisfies the integral estimate! 
a 4a 2 
1> | Haalt, 0, x)dx > 1 =— 2 00, 15.7 
[ a,a]( ) = Jat ( ) 


=a 


Proof We start by calculating explicitly 


CO 
x\22,1 . mn . xt+a 
A—a,a\(t, 0, x) = Sie Ga ut _ sin — sin nn 


and integrating 


a = x22, 1 nn f° x+a 
Hia a(t, 0, x)dx = e Ga) t= sin — sin 
[-a,a]( ) pd a 2 Ja 2a 


mndx 


Ea n=1 


= 22,1 mn 2a 
= Soe Ge) mt sin (1 — cos mn) 
= a 2 x 


n=1 
o0 
= 5 e- (EV m+ 4 iv (2m + 1) 
m=0 (2m + 1) J 
z , : 
= 5 e` (aa) Omt T a, 
m=0 m(2m + 1) 


All formulas depend on t/a”, hence we can put a = 1 for a while and substitute 
t with t/a? at the final stage. Using this convention the formula for the integral is 
modified as 


l r? 2, 2sina(m + 1/2) 
x (m + 1/2)*t 
L Ay-1,4(t, 0, x)dx = J e ai 72) (15.8) 


m=— 00 


' The lower estimate used in [155] is: i Hi-a,a](t, 0, x)dx > 1 — detl, 
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To calculate the series we are going to use Poisson summation formula 


[o,@) o0 


Y fo= > fow, (15.9) 


n=— 00 n=— 00 


where f is the Fourier transform of f. Consider first an auxiliary function 


—72 24 Sinwx 
g(x) :=2e 7 X ——— 
TX 
To calculate its Fourier transform (k) we note that g is essentially a product of two 
functions 


with explicit formulas for their Fourier transforms 


OO IO pte O JEDIN pth 1 2y 
i; et * te ool eT tx ip/ dxeP /t = —_e PI. 


vis E [snt 


e7 ?TiPX dy Z 


F sin mx 1, |p| < 1/2, 


=o TX 0, otherwise. 


Taking convolution we get 


pt+1/2 


j= f olds, 
Vat Jp—1/2 


To calculate the series (15.8) consider the function 
f(x) = 8 + 1/2) 
implying 
F(p) =e"? 8 (p), 
and modify Poisson summation formula (15.9) as 


CO 


Yo gmt 1/7= YD fim= DY fms YS gme” 


m=— O0 m>=—-C m=— O0 m=— 0 


[0,6] 


= Do ĝm". 


m=— 0 
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Then the integral of the heat kernel is given by 


ee) 


1 
[tent x)dx = 5 g(m)(—1)” 


m=—-C 


1/2 3/2 
= >f elds -f e Its 
Jat \ Jo 1/2 


+ Ce elds +... ) 


2 1/2/t A 3/24/11 j 
= =( f e™ ds -f e™ ds 
Vm \ Jo 1/2./t 


5/2/t 52 
+ Serre e as+...). 


Using GauBian integral 1 = a Ta e-* ds we obtain 


1 4 3/2/t 5 T/2/t 5 
1 -Í Ay-1,1\(t, 0, x)dx = Hf e™ ds +f e * ds 
—1 Ja 1/2/t 5/2/t 


11/2/t 5 
+f Et gsi): 
9/2/t 


We are getting immediately the upper estimate, since every term in the series on the 
right hand side is positive: 


1 1 
1- f Hi—1,11(t, 0, x)dx > 0 => f Ay-1,1,(t, 0, x)dx < 1. 
-1 -1 
This estimate can also be obtained by noting that 
H{-a,a\(t, x, y) < H(—cv,00) (t, x, y) = Lyra 
—a,a|\!,%, = —oO, +X, = , 
VArt 


since the heat kernel is monotone with respect to the domain. 
The lower estimate can be obtained with different precisions, for example we 
may use just the first integral in the series 


1 l Hora) Hake HAS Pe, Ceca 
= —1,1] U, U, X)a@x S T= e° ads < ——e y 
—1 l ; ft 1/2./t Smt 
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Lemma 15.2 will allow us to show an explicit two-sided estimate for 
A-1,1,(t, 0, 0). A series representation for this function follows directly from (15.6) 


CO 
z\2,2,1 mn x+a 

Hia a(t, 0, x) = ) =(2) nt sin — sin x 

[-a.a]( x) Í a 2 2a n 


zy2,2 1 
= Xo ela) nt T (cos = cos( = + zn)) 


n=1 


= 2 1 x 
= A eo (a) Cm+D* © cos > 


3 


frs a 2a 
and in particular 
2 2 2 1 2 
Aaa, 0, 0) = eo (m+1/2) t = 5912, 0, ee): 
m=0 


where V is the Elliptic Theta function.” It does not help to take the Fourier transform 
and use Poisson summation formula since the Fourier transform of the Gaussian 
kernel is a Gaussian kernel. 


Lemma 15.3 The heat kernel Hy_a.q\(t,0,x) for the Dirichlet Laplacian on 
[—a, a] satisfies the estimate? 


1 1 8 
> Ay—a.a\(t, 0,0) > Fe #12), 


Art VArt ont 


Proof The estimate is tight for small t, which can be illustrated by Fig. 15.1. 

To prove the estimate we again use the approach developed in [155]. First of all 
we need the following identity for the heat kernel, which can easily be proven for 
any compact domain Q with the eigenfunctions y, of the Dirichlet Laplacian: 


(15.10) 


A (2t, 0, d=) H? (t, 0, x)dx, (15.11) 
Q 


where the integral is taken over the domain. We use the standard formula (15.5) for 
the heat kernel implying 


Í. H?’ (t, 0, x)dx = Í DO e n OnO) Doe" Yim O)Yin(ydy 


n=l m=1 


? This special function was introduced in order to study solutions to the heat equation on a finite 
interval. 


3 : : p 1 —1/(4 
The lower estimate proven in [155] reads as Hj—1,1)(¢, 0, 0) > Jm (1 — 15e7!/¢ D). 
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Fig. 15.1 Graphs of the functions 
Jaz (upper), 
Hy-1,1\(¢, 0, 0) = 48[2, 0, e-*""] (middle), 


1 _ 8 4-1/(21) 
aor ae (lower) 


eat, (Ole rn (0) Sam 


~ "(Win (0))” = H Qt, 0, 0). 


OO 
n,m=1 
Co 
= 206 
m=1 
Consider the following two positive functions 


At-a,a\(t, 0, x), if |x| < a, 
f@) = 
0, otherwise; 
1 en (40) 


g(x) = H(—~00,00) (t, 0, x) = 
4rt 


so that 


EE EE -= 
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for all x € R and Jr g(x)dx = 1. Using formula (15.11) we get 


0< 


Aer — Aaa) (2t, 0, 0) 


= FH (~00,00) (2t, 0,0) — Hi—a,a] (2t, 0, 0) 
= f (g°(x) — f?(x))dx 


< L (g(x) F) 2da 


1 

< Ja Í (g(x) — f(x)))dx 
1 a 

= al! om f(x)dx) 


< 446-140, 


wt 


where we used (15.7) on the last step. It remains to make a substitution of 2t with t 
leading to the second estimate in (15.10). oO 


Lemma 15.3 implies that the heat kernel on the interval has a singularity like 


L_, Moreover, the two-sided estimates (15.10) allows one to conclude that the 


dnt . . . . . 
following limit exists and calculate it 


lim [VArt Hyaa\(t, 0,0) = 1, (15.12) 
to 


since lim;_s0 ga" =0. 


Heat Kernel for the Standard Laplacian on the Graph 


We accomplish this section by proving that the limit (15.12) holds for the standard 
Laplacian on a metric graph for almost all points. More precisely, the set of 
exceptional points, where the limit may be violated, coincides with the set of 
vertices. 


Lemma 15.4 Let [—a.a] be an interval on one of the edges on a finite compact 
metric graph I. Then the heat kernels Hi—a, a(t, x, y) for the Dirichlet Laplacian 
on |—a, a] and Hr (t, x, y) for the standard Laplacian on T restricted to the interval 
[—a, a] satisfy the estimate: 


Hia a(t, x, y) < Ar(t, x, y); x, y, € [—a, a]. (15.13) 
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Fig. 15.2 Joining together T 


two copies of a metric graph o 


T’ P Uaar 


Proof Consider the graph F U—a,a I obtained from IF U T by joining pairwise the 
endpoints of the intervals [—a, a] on both graphs (see Fig. 15.2). We impose stan- 
dard vertex conditions. The graph is invariant under the symmetry transformation Tt 
mapping the same points x and x’ on the two copies of I onto each other: 


The two copies of T as subsets of F U—a,a I will be denoted by T and T”. 

Consider the corresponding heat kernel Hru_, ar (t, x, y), which of course is 
positive, since the composite graph is a metric graph with standard vertex conditions 
at the vertices. Hence the solution to the heat equation on F U—a,a F is given by 


TE jl E E T 
TU_g al 


Z f E E f Huata n 
r T’ 


where uo is the initial profile (15.3). 
The following identities hold for the heat kernels: 


Ay(t,x,y) = Hru aar (t, x, y) + Aru_, rt, x, ty), x,y ET; 


A{-a.a\(t, x, y) = Hros art, x, y) — Hruaar (t, x, Ty), x, y € [-a, a]. 
(15.14) 


To see this consider first the heat flow with the even initial profile uo(x) = uo(tx). 
The corresponding solution remains even and therefore restricted to I. coincides 
with the heat flow on the original graph I with the initial data ug(x), x € I’. To get 
the heat kernel associated with the Dirichlet operator on [—a, a] consider the heat 


15.1 Ambartsumian-Type Theorem by Davies 365 


flow with the odd initial profile uo(x) = —uo(tx). The heat flow remains odd and 
therefore satisfies Dirichlet conditions at the contact vertices between T and T”. 

Taking into account that all kernels appearing in (15.14) are positive we conclude 
that 


Ay (t,x, y) — Hi-a,a](t, x, y) = 2Aru_, art, x, Ty) = 0, x,y € [-a, a] 


and inequality (15.13) is proven. o 


Our next step is to prove an upper estimate for the Laplacian heat kernel. We 
show first that the order of the singularity cannot be higher than those of the heat 
kernel for Laplacian on the line. 


Lemma 15.5 The heat kernel Hr (t, x, y) for the standard Laplacian on a metric 
finite compact graph T satisfies the upper estimate 


1 
Jt’ 


where C is a certain constant depending on the graph. 


Hr(t,x, y) <C 0<t<1, (15.15) 


Proof We use the spectral decomposition for the standard Laplacian on F and 
explicit representation for the heat kernel (15.5) leading to 


(oe) 


Ar(t,x, y) < Ant max A 
r(x, y) < J, e7% max yn )| 


n=1 


We use the fact that the normalised eigenfunctions of the standard Laplacian are 
uniformly bounded (11.37) 


Wn@)| < c, 


where c is independent of x and n, and the lower estimate for the eigenvalues 


(F) a- M? sa 


to get 


[0,6] 
zy2 2 
Hr(t,x,x) < 22a (=M) 


n=1 


oe) bd 
<e > ei 


n=—-C 
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oo Ses 
< 2c? ye e-layer 
n=0 


[0.6] 
< 27(1 + Dre (Bovey ) 


n=0 
~ 


———S E 
= LA -c,c)(t, 0, 0) 


1 
< 2c? (1 4 c) 
Art 


where the constant C can be chosen equal to 


L£ 
c=22 (14). 
i an. 


Oo 


Note that the constant C appearing in the proof of the lemma is far from being 
optimal, but it was not our goal to obtain the best constant. On the other hand it 


is very important to understand that the constant is in general different from —— 


Je 


(appearing in the estimate for the heat kernel for the Dirichlet Laplacian on an 
interval). For example the heat kernel for the Neumann Laplacian on the interval 
[—1, 1] is given by the infinite series obtained by reflecting the point y with respect 
to the boundary points —1 and 1 


L x-y? gb ety 42740) 
Ant VArt 

Pech 27/40 

Art 


HË ints X, y) = 


+ 


and does not satisfy the upper estimate with the free heat kernel. 
The obtained upper estimate is enough to prove that v/t Hr (t, x, x) tends to 
1/42 for almost any x. 


Lemma 15.6 Let T be a finite compact metric graph with the vertex set V = 
UM V”. Then for any z € T \ V the following limit holds 


1 
lim vt Hr(t, x, x) = —, xe \V. 15.16 
lim r( ) Te \ ( ) 
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Proof (Following [155]) Consider any point x € F \ V and let a be its half-distance 
to the nearest vertex. Let us introduce the positive functions 


Aix —a,x+al (t, X, y), dist (x, y) < a, 
fo) = 


0, otherwise; 


g(y) = Ar(t, x, y), 


where we consider the interval [x — a, x + a] as a subset of I’. Estimate (15.13) 
implies that 


fO) <80). 
Moreover, conservation of heat implies 


[sordy= | Hex dy =1. 
r r 


Let u(t, x) be a solution to the heat equation on I’, then it holds 


£ [unas =f Ẹut dx=- | ust, xdx 


M 
=--> ( > aule, x) ) =0, 
m=l1 xjeV™ 


~ 


=0 


due to standard conditions at the vertices. More precisely we use just Kirchhoff 
conditions. Taking into account (15.7) we obtain 


+a 


few — fy)dy= 1 -f Hix—-a,x+a](t, x, y)dy 


x—a 
4a e7714) l 
Vt 


< 


Moreover with the help of the identity (15.11) we get 


0: Hp Ot, 2.3) Eig tit E E TE Í EO- f(y))2dy 


< ji EO) - FO))2e()ay 


9E Aa an, 


Se Tae 
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where we used (15.15) for x = y and just proven integral inequality. Taking into 
account that 7 ai — Oast — 0, we calculate the limit using (15.12). oO 


The statement of the lemma holds for almost any x, since the vertices have 
measure zero in the metric graph I’. It is very important to notice that the limit does 
not depend on the point x € T \ V, also the rate of convergence may be different. 


15.1.3 On Schrodinger Semigroups 


In what follows we shall need formula (15.23) below providing the first order 
correction for the trace of the heat semigroup in terms of the perturbation q. Also 
this is a standard fact, we indicate its proof here. 

We start by differentiating 


d _ = 7 _ 
Seba elt = ehat(— Lael + bat Lel! = eqe! 


t 
=> e Lat elt f= -f e/a ge'ds, 
0 


implying 
e Fa qetd ds 


J 
t 

—Lt __ f etal) geds, 
0 


where we changed variables s > t — s. 
In a similar way we get 


t 
e Lat — elt -f e ES) ge tds. 
0 
Iterating the equation once we get 


t t 
elat — el! -f eUige tas + | eL -)g f eas gel" duds | 
0 0 0 
a aÁ 
=: Aj(f) =: B(t) 
(15.17) 
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The operator A, (t) defined above can be considered as an integral operator with the 
following kernel 


t 
Lit,x,y)= I Hr (t — s, x, z)q(z)Hr (s, z, y)dzds. 
s=0 J zer 


For essentially bounded potentials taking into account positivity of the free heat 
kernel Hr we get 


IL, x, Y)| < lidli f-o Szer Hr (t — s, x, z)Hr (s, z, y)dzds 


t 

= lal f Hr (t, x, y)ds (15.18) 
s=0 

< IIqllooCt'/?, 


where we used the estimate (15.15) and the fact that Hp(t, x, y) is a kernel for a 
semigroup 


I Ay (t —s,x,z)Hr(s,z;y)dz = Hrt, x, y). 
zer 


Note that (15.18) is valid for t < 1 and almost everywhere with respect to x and y, 
more precisely, for all x and y not belonging to a vertex. 
Continuing iterations one obtains the following formal series 


t 
e`Lat = elt -f e Lt geds 
0 


t RY 
+f en] f e SY) ge "duds 
0 0 


ae cece 


t 
i g Sm—1 
“+ f dsme™ + Sn-175m) ge ES 
0 
—_——— -: Oo ee e—————n—s)s_coo” 
=: An(t) 
(15.19) 


To prove convergence of this formal series one may introduce the integral kernel 
Lm(t, x, y) associated with Am and use estimates similar to ones we already carried 
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out in order to get (15.18). Really, using positivity of the heat kernel, the semigroup 


property and essential boundedness of the potential, we get 


t S1 Sm—1 
|Lm(t, x, y)| < ians f ası f daa dSmHr(t, x, y) 
0 0 0 
m 


t 
< goo Hr t, x, y) 


p" 1/2 
<C 


m! 


lall- 


It follows that even the perturbed semigroup can be considered as an integral 


operator with a certain kernel Hr,4(t, x, y), x,y € T \ V, satisfying the uniform 
estimate 


Hr q(t, x, y) < Cr? 


(15.20) 


with a maybe different constant C. We return back to formula (15.17) in order to 
prove that the second integral is of order t?/* = 1?~!/. Really, the kernel M(t, x, y) 


of the operator B(t) is given by the integral 


IA 


q 


IA 
ss 


= lla 
| 


IA 


2 olal 
aoe 


2 olal 
ee 


2 olal 
oe 


2 
Dl50 


C—~e 


2 


M(t, x, y)| 


t s 

=f as f du Hr(t, x, y) 
0 0 
2 


Hr (t, x, ) 
2 y 


lallo 43/2, 


where we used the estimate 


t s 
= fol du f aw f dzHr (t—s, x, 2)q(z) Arq (s—u, z, w)q(w) Ar (u, w, y) 
0 0 Tr F 
t s 
7) as f du f dw f dete -s,x,dHra6 -uz w)Hr (u, w, y) 
0 0 F r 


t s 
s| as | du | dw f dzHrt-s, x, DHr =u, z, w)Hr(u, w, y) 
0 0 i p 


(15.21) 


L—|lqllo < L4 < L + lallo => e7 lalot o7 Lt < eo kat < elldlloot -Lt , 
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implying in particular that the Schrödinger heat kernel is positive. Now for- 
mula (15.17) can be written using integral kernels as follows 


Hr q(t, x, y) 
t 
= Ar(t, x, y) — f f Hr (t — s, x, z)q(z)Ap(s, z, y)dzds 
0 JT 


t S 
+f f J | Hra-s:x. D9404 —u z, w)q(w)Ar(u, w, y)dzdwduds. 
0 Jo JTJT 
(15.22) 


Lemma 15.7 The difference between the traces of the perturbed (Schrédinger) and 
unperturbed (Laplacian) semigroups satisfies 


tr a] —tr e] = - f Hr (t, x, x)q(x)dx + p(t), (15.23) 
r 


where p(t) = O(P). 


Proof We put x = y in formula (15.22) and integrate with respect to x 


t 
tr [e=] =tr Gaal -f i | Hr (t — s, x, z)q(z)Ar(s, z, x)dzdxds 
0 JrJr 
tpt) 


t 
= v [e] - i i PCE OTE ae 
0 E. 


=tr [e=] — f Hr (t, x, x)q(x)dx + p(t), 
T 
(15.24) 
where we used that Hr is a kernel of a semigroup. Here p(x) denotes the integral 


corresponding to the last term in (15.22). Its estimate as O(t3/7) follows directly 
from (15.21). oO 


We prepared all tools that are needed to prove the main result of this section—a 
direct generalisation of Ambartsumian theorem for the case where the fixed metric 
graph is not necessarily an interval. 


15.1.4 A Theorem by Davies 


We start by proving a direct analog of the original Ambartsumian theorem. 


Theorem 15.8 (Davies [155]) Let T be a finite compact metric graph. Then the 
standard Schrödinger operator is isospectral to the standard Laplacian on the same 
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metric graph T 
àn (L3 (T)) = àn (L*T)), (15.25) 


foralln = 1,2,..., ifand only if q(x) = 0 almost everywhere. 


Proof The traces of the Schrödinger and Laplacian semigroups coincide, since the 
operators are isospectral. Then formula (15.23) reads as follows 


0= - f Hr (t, x, x)q(x)dx + p(t). 
r 


We divide by ./f and take the limit as £ —> 0. Formula (15.15) implies that 
~vTHr(t,x,x) is uniformly bounded, moreover for almost every x it holds 
(see (15.16)) 


lim Vt Hr (t, x, x) = 
t>0 


1 
Jir 


implying that 
f awd =o, 
r 
since FeO = O(t). It follows from Theorem 15.1 that q is zero almost 
everywhere, since à (L* (T) = 0 > à (L3) =0. o 


To prove the theorem it was important that the limit (15.16) does not depend on 
the point x € I’. This theorem can be strengthened as follows. 


Theorem 15.9 (Davies [155]) LetT be a finite compact metric graph. Assume that 
the eigenvalues of the standard Schrödinger and Laplace operators satisfy 


1. M(LSP)) > 0; 
2. lim sup(àn (Lg T)) — An (L (T))) < 0, 
n—> o0 
then q(x) is equal to zero almost everywhere. 
Proof To prove the theorem using the same method it is enough to show that 


lim sup 7 (tr [e=] =tr ja) <0, (15.26) 


t>0 
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or equivalently 


[0,6] 
lim sup os > (e> aò enn) <0. 
t>0 t “— 
n=1 
Condition 2 implies that given € > 0 there exists N = N(e), such that A, (Lq) — 
An(L) < € for all n > N. We use the estimates 


for a certain C > 0. We conclude that 


[0,6] 


1 SI Ss 
lim — ` (en —e* a) < CLe, 


t>0 vt ici 


where one may need to adjust the constant C. Therefore estimate (15.26) holds. o 


Proven theorem implies that zero potential, or more generally any constant 
potential, possesses unique properties allowing one to single out the spectrum of 
the Laplacian among the spectra of Schrödinger operators on a metric graph. The 
reason the spectrum of the Laplacian is unique is that it is given by zeroes of 
a certain generalised trigonometric polynomial. We have already used this fact 
proving Theorem 14.11. 


15.2 On Asymptotically Isospectral Quantum Graphs 


Our goal in this section is to prove several geometric versions of Ambartsumian’s 
theorem without assuming that the underlying graph is just the interval. The main 
analytic tool will be the theory of almost periodic functions (see for example [92]), 
but we do not require from the reader any knowledge of this wonderful theory—all 
results will be proven using well-known facts. 
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15.2.1 On the Zeroes of Generalised Trigonometric 
Polynomials 


Our analysis is based on the fact that the spectrum of a scaling invariant Laplacian 
on a finite compact metric graph is given by zeroes of a generalised trigonometric 
polynomial (see Theorem 6.1). Our first step is to prove that generalised trigonomet- 
ric polynomials with real w; determine holomorphic almost periodic functions [92] 
in a strip along the real axis. This is not surprising, since one way to define almost 
periodic functions is to consider their approximations via generalised trigonometric 
polynomials. 


Lemma 15.10 For any generalised trigonometric polynomial 


J 
p=} pel, 
j=l 
one may find shifts t(5) —> oo, as ô — 0, such that 


|p(k + t(5)) — p(k)| < ê (15.27) 


forallk € C, |Imk| < 1. 


Proof Lemma 14.9 implies that for any € > 0 one may choose t (e€) such that: 


ji EHD; _ ia A <€ 


for all wj and k : |Imk| < 1. Then 


J 
Ipk +t) - P®!< |} ip; | €- 


j=1 


Choosing €(6) = , the corresponding sequence ¢(€(6)) satisfies the 


J 
j=l IP; 


claim of the Lemma. oO 


The above Lemma can be generalised for a finite set of generalised trigonometric 
polynomials, since the key point in the proof is Lemma 14.9 holds whenever the set 
of frequencies wo is finite. 


Lemma 15.11 For any finite set of generalised trigonometric polynomials 


Je 
a) 
=Y per. C= 15 2 easy 
j=l 
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one may find common shifts t(6) — œ, as ô — 0, such that 
Ip (k + t(5)) — p(k) <5 (15.28) 


forallk € C, |Imk| < 1. 


We will use the above Lemma for two generalised trigonometric polynomi- 
als together with their derivatives, which is permitted since the derivative of 
a generalised trigonometric polynomial is of course a generalised trigonometric 
polynomial. The following Theorem is our main analytic tool for this section. 


Theorem 15.12 Let p and q be generalised trigonometric polynomials 
J Jh 
p=} pii”, q=} aji (15.29) 
i=l j=l 


with real zeros kn, lm, respectively. If there exists a subsequence lm, of ln such that 
lim (kn — ln, ) = 9, (15.30) 
n—> oo 


then all the zeros of p are zeros of q with at least the same multiplicity. 


Proof Let ko be any zero of p, and denote its order by mo. We may find ane > 0 
such that p has no other zeros in the disc Bz, (ko) of radius 2e centered at kọ, and 
such that p, p’,q, and q’ have no zeros on the boundaries of Be(ko) and Boe (ko). 
This choice implies that there are common constants 0 < c, C such that 


c < [PØL IP OI la). la < C, (15.31) 


on the boundaries 3 Be (ko), 0 Bre (ko). 
Since there are no other zeroes inside the circles we have 


(k (k 
/ BD pe / PU ie ica. (15.32) 
aBe(ko) PCR) IBoe(ko) PCR) 


and 
f 
k 
f GD p> tial (15.33) 
ð 


for some m’ € N. We now choose a ô satisfying 


1 2 
oS a E (15.34) 
16 Ce’ 2 
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(the specific choice of constants plays a role in the estimates of the integrals 
below (15.35)) and a common shift t (€, 5) such that 


° Ikn — Im,| < €, for kn, lm, > ko + t (e, 6) — 2e. 
© [PPk +t, 8) — pPVP@H| <6, j=0,1. 
© |qM(k+t(e,8)) —gM(k)| <6, jf =0,1. 


We first show that with this choice of ô and t(e,ô) the integrals over the 
boundaries of the shifted discs B, (ko + t (€, 6)), Bae (ko + t (€, 5)) and the unshifted 
discs are equal. Consider the difference: 


'(k '(k 
/ p ( ) Ik -f p ( ) ak 
dBe(ko) PCR) aBe(kott(e,8)) PR) 


=] Gr eee) 
dBe(ko) NPO pik + te, 6)) ) © 


f (29 ee) ay 

3Be(ko) \ PK)  p(k+t(e,ô)) 

<f peaa ae | p(k + t(e, 8))| 
~ JaBe(ko) 


|p(k)| |p(k + t(e, 8))| 


|p (k + t(€))| [p(k +t (e, D PONa (15.35) 
|p(k)| |p(k + t(e, 5))| 


We estimate: 


a (<< <<) _ _47d5(C + 8)) 
= c(c — ô) c(c — ô) c(c — 4) 
goes a aes ae 

T (2/2 c? f 


where we used that (15.34) implies 6 < c/2 and ô < k A The reason to choose 
ô satisfying (15.34) is clear now. It follows that the difference between the two 
integrals is less than x and therefore they are equal, so 


p'(k) 
dk = 2ximo, (15.36) 
aBe(kott(e,5)) PCR) 


and mo zeroes of p(k) lie inside the shifted disc Be (ko + t (€, 5)). In the same way 
one shows that 


'(k (k 
I A E 1 GO ik= Irin, 
3 Boe(kott(e,8)) P(k) 3 Bae (ko+t(e,8)) 4 (k) 
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so p has mo zeros in Boe (ko +t (€, 5)) all of which are actually contained in B, (ko + 
t(€, 6)), and q has m’ zeros in Bre (ko + t (€, ô)). 

By the choice of t (€, ô) to every zero of p inside B, (ko + t(€, 6)) corresponds a 
zero of q lying at a distance less than e€. All such zeroes lie inside the ball of double 
radius Bo, (ko + t (€, 5)), hence m’ > mo. 

Letting € — 0 — while choosing suitable 5’s and shifts t (€, 5) — we conclude 
that ko is a zero of q of multiplicity at least mo. o 


The above theorem holds even for holomorphic almost periodic functions [357]. 
By applying Theorem 15.12 twice we obtain the following statement as a special 
case. 


Theorem 15.13 Let p,q be generalised trigonometric polynomials 
[o,@) [e0] 
pk) = >> pii”, q=} gje" (15.37) 
i=l j=l 


with zeros kn, ln respectively, if 
lim (kn — ln) = 0, (15.38) 
n—> oo 


then the zeros of the functions are identical. 


This direction of research has already been continued in [220] where uniqueness 
theorems for Fourier quasicrystals were established. 


15.2.2 Asymptotically Isospectral Quantum Graphs 


In this subsection we will apply Theorem 15.13 to the spectral theory of quantum 
graphs. As was shown in Theorem 6.1 the spectrum of LS(T) for a finite compact 
quantum graph and scaling invariant vertex conditions S is given by the zeros of a 
generalised trigonometric polynomial. 

We shall also use the notion of asymptotically isospectral quantum graphs given 
in Definition 11.7. We start by showing that two asymptotically isospectral scaling 
invariant Laplacians are in fact isospectral. This implies that the spectrum of scaling 
invariant Laplacians possesses certain rigidity, so that it is determined by the 
asymptotics. 


Theorem 15.14 Let LS! (T1) and LS? (T2) be two Laplace operators defined on 
finite compact metric graphs Iı and 12 by certain scaling invariant vertex 
conditions given by Sı and S2 respectively. If the operators are asymptotically 
isospectral, then they are isospectral. 
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Proof Scaling invariant Laplacians are non-negative operators, which is easily seen 
from their quadratic forms given by Dirichlet integrals. The positive eigenvalues 
are given by certain generalised trigonometric polynomials (Theorem 6.1). Then 
Theorem 15.13 implies that the zeroes of these polynomials coincide, since they are 
asymptotically close. We have thus proven that all positive eigenvalues coincide. 

It remains to show that the multiplicities of the eigenvalue zero coincide.* But 
this trivially follows from the fact that the lowest non-zero eigenvalues not only 
coincide but have the same index. o 


Taking into account the above theorem one may think that the notion of 
asymptotic isospectrality is redundant. This is not completely true, for example 
Schrödinger operator on an interval is asymptotically isospectral but not isospectral 
to the Laplacian, unless the potential is identically zero. More generally, Theo- 
rem 11.9 implies that Schrödinger operator L$(T) is asymptotically isospectral to 
the reference Laplacian LS‘) (T), 

Two asymptotically isospectral Schrödinger operators are not necessarily 
isospectral—Theorem 15.14 does not hold for Schrödinger operators. On the other 
hand one may generalise it by proving that the corresponding reference Laplacians 
are isospectral. 


Theorem 15.15 Let L (T1) and Le (T2) be two Schrödinger operators on finite 
compact metric graphs T; with qi € Lı(T;) and vertex conditions determined 
by unitary matrices Si, for i = 1, 2. Suppose that the operators are asymptot- 
ically isospectral, then the corresponding reference Laplacians LS!) (T 7) and 
LS (re) are isospectral. 


Proof In accordance with Theorem 11.9 the operators 
Ey) and EOP), 
E23) and LOC) 


are pairwise asymptotically isospectral. One of the conditions in the current 
theorem is that the Schrödinger operators D (T1) and LS? (T2) are asymptotically 
isospectral, hence the reference Laplacians are also asymptotically isospectral. Then 
Theorem 15.14 implies that they are in fact isospectral. o 


The above theorem does not imply that the underlying reference graphs r?° coin- 
cide, since there exists isospectral scaling invariant or even standard Laplacians. The 
theorem just implies that the reference Laplacians belong to the same isospectral 
class. 

One may strengthen the above theorem by assuming that two Schrödinger 
operators are not necessarily asymptotically isospectral, but just have asymptotically 


4 Remember that the multiplicity of k = 0 as a zero of the secular trigonometric polynomial may 
be different from the spectral multiplicity of A = 0. 
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close spectra. The only new point is that the multiplicities of zero as the eigenvalue 
of the two reference Laplacians may be different. 


Theorem 15.16 Let DA (T1) and L% (T2) be two Schrödinger operators on finite 
compact metric graphs T; with qi € Lı(T;) and vertex conditions determined by 
unitary matrices S;, for i = 1, 2. Suppose that their spectra 


Ki} = ELSI T), and {17} = ELS T)), 
are asymptotically close in the sense that 
knam — ln > 0, asn > œ (15.39) 


for some m €E N. Then all non-zero eigenvalues of the corresponding reference 
Laplacians LSC (r9) and LS (r) coincide and m is the difference in the 
multiplicity of the eigenvalue 0 of the operators. 


Problem 71 Prove Theorem 15.16 in full details. 


The above Theorem cannot be strengthened by showing that the eigenvalue 
0 is of the same multiplicity. Consider the circle graph S! of length 27 with 
one vertex with standard conditions and the graph I consisting of two disjoint 
intervals of length x with standard conditions (i.e. Neumann) at all endpoints. Then 
E(L*(S!)) = 0, 1, 1, 27, 27,... while E(L*t(T)) = 0, 0, 1, 1, 27, 2?,.... All non- 
zero eigenvalues coincide, but the multiplicity of the eigenvalue à = 0 is determined 
by the number of connected components in the corresponding graph. 


15.2.3 When a Schrödinger Operator Is Isospectral to a 
Laplacian 


Our studies of asymptotically isospectral graphs lead us to the following unexpected 
generalisation of the Davies theorem (Theorem 15.8). 


Theorem 15.17 Let, be a finite compact metric graph, q € Loo(T1) and suppose 
that (LF (P1)) = E(LÈT?2)) for some (may be different) finite compact 12. Then 
q(x) = 0. 


Proof Theorem 15.15 implies that X(L9(P1)) = E(LË(T2)), since standard 
conditions are scaling invariant, and therefore (L31) = u(LE("1)) and from 
Theorem 15.8 we obtain g(x) = 0. oO 


Note that we do not claim that the graphs Ty and T2 coincide—just the 
corresponding standard Laplacians are isospectral. On the other hand, there exist 
metric graphs that are uniquely determined by the spectrum of the corresponding 


380 15 Further Theorems Inspired by Ambartsumian 


standard Laplacians (see for example Sect. 9.4), for such graphs we may conclude 
in addition that T4 = T32. 


Theorem 15.18 Let TV be a finite compact metric graph with rationally independent 
edge lengths. Then the spectrum of the standard Schrödinger operator Le) with 
q € Lı (T) determines the unique metric graph T. 


The theorem is an easy corollary of Theorems 9.11 and 15.17. 
The above theorems show another one time that standard vertex conditions and 
zero potential are exceptional for the inverse problem. 


Problem 72 Is it possible to strengthen the above theorem by assuming that the 
vertex conditions in the Schrödinger operator are just asymptotically standard 
(instead of standard conditions)? 
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Chapter 16 A) 
Magnetic Fluxes ga 


We have already seen that the spectra of quantum graphs are independent of the 
particular form of the magnetic potential (5.8)—only integrals of the magnetic 
potential along the edges play a role. One may say that adding magnetic potential 
is equivalent to a special change of vertex conditions. The goal of this chapter is to 
look at this connection in more detail. 

The integrals along the cycles can be interpreted as the fluxes of the magnetic 
field. In particular, spectra of trees is independent of the magnetic potential. This 
phenomenon is well-known for physicists, who used to say that there is no magnetic 
field in one dimension. On the other hand Y. Aharonov and D. Bohm predicted that 
the movement of charged quantum particles in a ring is affected by the magnetic 
field though the ring, despite that it could be equal to zero on the ring itself. This 
phenomenon is known as Aharonov-Bohm effect. What we are going to do is an 
extension of these studies to the case of several cycles. 

It will also be shown that even though the number of parameters the spectrum 
depends on is equal to the number £1 of independent cycles, it might happen 
that dependence upon one of these parameters is suppressed, provided the other 
parameters are chosen in a special way. The reasons are pure topological, therefore 
we call this phenomenon by topological damping of Aharonov-Bohm effect. 


16.1 Unitary Transformations via Multiplications and 
Magnetic Schrédinger Operators 


Consider the magnetic Schrödinger operator LS a(T) defined following Sect. 3.8 on 
a connected finite compact metric graph I by the differential expression 


d 2 
Tq,au = (4 F a(x)) + q(x), (16.1) 
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on the functions satisfying vertex conditions (3.53) 
i(Sm — Dim = (Sm + Ddtm, m=1,2,...,M. (16.2) 


In quantum mechanics unitarily equivalent operators define the same physical 
models and therefore are usually identified. On the other hand the probability 
density is given by the squared absolute value of the wave function p(x) = |y(x)|?. 
Therefore if the configuration space is fixed, then it is natural to identify operators 
H and H connected via the unitary transformation given by multiplication by any 
unimodular function U(x) = expi@(x), O(x) € R: 


L = ULU = € 19M Leit, (16.3) 


We have already seen in Sect. 4.1 that magnetic potential on each edge can be 
eliminated, but the corresponding transformation affects the vertex conditions. In 
what follows we study this dependence systematically. 

Let us first consider elementary examples when the function © is constant on the 
edges. 


Special Case 1 If the function ©(x) is chosen equal to a fixed real constant 
©o(x) = 6, 0 € Ron the whole graph I’, then the operator of multiplication U 


commutes with any L$ a and therefore the transformed operator Ls z is equal to the 
original one: 


This case is trivial and may be ignored. 


Special Case 2 Let the function © be chosen equal to a separate constant on each 
edge of T 


Oe) = On, xE En, (16.4) 


where 6, are certain real parameters. With this choice of © the differential expres- 
sions Tj 4 and Tg, coincide on every edge E,, but the corresponding operators may 
be different, since the vertex conditions at a vertex V™” are affected if the phases 
0(x;) are different for x; € V™. 


More precisely, assume without loss of generality that the edges joined together 
at the vertex V™ are enumerated as E1, E2, ..., Eg, and that the functions from 
the domain of LS a Satisfy vertex conditions (16.2). Consider the diagonal unitary 
matrix Um given by 


Um = diag Ti ee etm | ; 
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where 6, = 6(x;), provided x; € En. Then the unitary matrices Sr and Sm 
associated with the two operators are connected via 


Sm = (Um)! SmUm. (16.5) 


To see this assume that u € Dom (Ls a). Every such function after the transfor- 


mation U is mapped to a function from the domain of LÌ a and therefore satisfies 
condition (16.2) 


i(Sm — I)Umüm = (Sm + DU du. 
Multiplying both sides by (Um)~! we arrive at 
iSm — Düm = (Sm + Ddiim, 
using (16.5). 
Summing up, multiplication by the function e!*“) leads to magnetic Schrodinger 


operators given by the same differential expression, but the vertex conditions 
determined by matrices Sm and Sm are connected via (16.5). 


iĝe 


General Case Assume that the operators iy ~ and LS, are related by the 
unitary transformation (16.3) above, where we aaite that the function ©(x) is 
continuously differentiable inside the edges. Applying formula 


E + a(x)) ieul) = a9) E + a(x) — ow) u(x) 
dx dx 


twice we obtain the following expression for the transformed differential operator 


, d 2 = 
Tå au = ern (iz + ac) + 1%] dey 
X 


2 (16.6) 


d 
= | i—+a(x)-—O'(x) | utaq(x)u. 
dx Sea S 


= a(x) q(x) 


It follows that the electric potential is not affected but the magnetic potential is 
changed 


q(x) = q(x), and a(x) = a(x) — ©' (x). (16.7) 
The transformation of the vertex conditions is the same as the one discussed in the 


second special case. The only difference is that the phases 6, should be substituted 
with the limiting values @(x;) where x; € V™. Note that the extended normal 
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derivatives given by (2.26) are changed accordingly, since their definition depends 
on the value of the magnetic potential. 


Problem 73 Prove that transformation (16.3) maps extended normal derivatives to 
extended normal derivatives and that new vertex conditions at a vertex V” are given 
by the matrix Sm connected to Sm via (16.5). 


In particular, the magnetic potential on every edge is eliminated if one chooses: 


ae f aly) dy. 


0 


Observe that by eliminating the magnetic potential one introduces new phases in 
vertex conditions as given by (16.5). Hence in order to study spectral properties 
of magnetic Schrödinger operators on metric graphs it is enough to consider 
Schrödinger operators with zero magnetic potentials, but with different extra phases 
in the vertex conditions. We are going to call these phases simply vertex phases 
(see (16.10) below) and will in particular study the dependence upon these phases. 


Special Case 3 If the graph F is a tree, then the function © eliminating the 
magnetic potential can be chosen continuous on the whole metric graph 


@(x) = | a(y)dy, (16.8) 


0 


where the point x9 € P is arbitrary and integration is along the shortest path on 
T connecting x9 and x. Note that integration along the edges forming the path 
should be carried out respecting their orientation: if the path goes along an edge 
in the positive direction, then the corresponding contribution should be taken with 
+ sign, otherwise—with — sign. This is necessary since changing edge orientation 
the magnetic potential is multiplied by —1. 


It follows that magnetic potential on a tree can be eliminated without changing 
the vertex conditions, i.e. the spectrum of a magnetic Schrédinger operator on a 
tree coincides with the spectrum of the non-magnetic Schrédinger operator with the 
same electric potential g and the same vertex conditions. 

Assume now that T is not a tree, but contains cycles. Consider then any spanning 
tree T on F obtained by chopping precisely Bj = N — M + 1 vertices—one on 
each independent cycle in I’. Then the magnetic potential on T can be eliminated as 
described above. Using the same function © to eliminate magnetic potential on T 
leads to introducing at most /; vertex phases, since the values of © at different 
parts of the chopped vertices may be different. Assume that a vertex V” was 
divided into two vertices Vj, and V,” with one of the vertex degrees equal to 1. 
If O(V,,) # O(V,") modulus 27 then the matrix Sm describing vertex conditions 
on T is transformed by (16.5). The matrix Um contains factors em) and e' OV mn), 
but one common factor in the similarity transformation can be cancelled. Hence 
the matrix Sm depends on the difference O(V,,) — OC(V,”) which turns to be equal 


m 
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to the integral of the magnetic potential along the independent cycle to which V” 
belongs. We conclude that elimination of the magnetic potential on a graph with 6, 
independent cycles C; leads to an operator with zero magnetic potential, the same 
electric potential and new vertex conditions containing at most 6; phases equal to 


pj af a(y)dy, j=1,2,..., 8. (16.9) 


J 


These phases should be interpreted as magnetic fluxes —the fluxes of the magnetic 
field through the independent cycles. 

We have in particular proven the following theorem which probably appeared 
first in [311] 


Theorem 16.1 Consider the magnetic Schrödinger operator L a On a finite 
compact metric graph I with a fixed electric potential q and fixed vertex condi- 
tions (16.2). Then as the magnetic potential a varies, the spectrum of L$ a depends 
on at most Bj = N — M + 1 parameters which can be identified as the fluxes ® ; 
given by (16.9). 


This theorem states that the spectrum depends on at most 6) parameters. We have 
strong reasons to believe that if all vertex conditions are chosen properly connecting, 
then the spectrum does depend on all 6; magnetic fluxes. Observe that in very 
special cases it might happen that the spectrum is independent of one of the fluxes, 
provided the other fluxes are chosen in a special way (see Sect. 16.3 below). 


16.2 Vertex Phases and Transition Probabilities 


We have seen that eliminating magnetic potential on the edges one obtains 
Schrödinger operator with the same electric potential, but with vertex conditions 
given by a = (Um) Sm Um instead of Sm. The transformation above contains 
certain phases, which we are going to call vertex phases: 


0; = O(xj), (16.10) 
where ©(x) is the function used to define the unitary transformation U = 


exp(@iO(x)). : 
The matrices Sm and Sm have the same absolute values of all entries: 


| (Sn). = 1 Sm)ig P. (16.11) 
ij 
It follows that the waves penetrate such vertices with precisely equal transition 


probabilities given by pij = | (Sm)ij |*. Transition probabilities are physically 
relevant and in principle are much easier to be measured in experiments than 
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the scattering coefficients. Therefore one may discuss the possibility to define the 
quantum graph model using just transition probabilities instead of vertex scattering 
coefficients. 

It turns out that this point of view is not optimal, since a unitary matrix Sm in 
general is not defined by transition probabilities | (Sj); j |*. First of all it is trivial to 
see that the transformation 


Sm > Sm = (Dm)! Sm Dm, (16.12) 


where Dm is a diagonal unitary matrix 
Dm = diag far, ein., etin), gi €R, (16.13) 


preserves the transition probabilities. Note that this transformation coincides 
with (16.5) if all phases g; are chosen equal to the values of 0; at the corresponding 
endpoints. Then we have Dm = Um and considering two quantum graphs with the 
vertex conditions defined by Sa and Sm is equivalent to reintroducing magnetic 
potentials. 

Transformation (16.12) in general does not characterize all unitary matrices 
with the same transition probabilities. As an example, consider the following one 
parameter family of reflectionless equitransmitting matrices of order 6 [358] 


0 1 1 1 1 1 
1 0 1 1 —] -l 
1/11 0 —1 e? e? 
C11, = = io i , 
v5] 1 1 -1 0O —-e'? e? 
11 e? -e? 0 1 
1—1 —e™? e`’ 1 0 


where g € R. All matrices from this family have the same reflection probability 
[Sj |? = 0 (reflectionless) and the same transition probabilities (equitransmitting) 
| Sj il? = L, i # j. Of course, considered example is very special, since many 
of the entries in C1,1,ı have the same absolute value. Adding the similarity 
transformation (16.12) one obtains a 6-parameter family of matrices with the same 
transition probabilities. 

One may study quantum graph models fixing all Sm up to the vertex phases 
described above, in other words considering vertex conditions given by Sm = 
(Dm)~!SmDm With Sm fixed, m = 1,2,...,M. Then with every vertex V” we 
have precisely dm — 1 arbitrary phases associated. The spectrum of the quantum 
graph depends on the vertex phases, but how many parameters are independent? 
Altogether we have ule (dm — 1) = 2N — M vertex phases. It turns out that only 
Bi = N — M +1 parameters are independent. The proof is completely analogous 
to the proof of Theorem 16.1. 

Let us study the following clarifying example. 
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Example 16.2 Consider the figure eight metric graph I'(2.4) obtained by joining 
together two loops at a single vertex. The endpoints joined in the vertex V! are 
X1, X2, X3, X4. i 

Define the Laplace operator L on T.s) on the functions from the Sobolev space 
W3 (Lx 1, X2] U [%3, x4]) satisfying vertex conditions 


iš- DYD = (§ + Dav(v}), (16.14) 


where § = D*SD with 


cosp 1 1 1 
1 1 —¢B —e`iP 
———— Nt ng ip | BE(-S. 5) (615) 
/3 + cos? B 1 =e — cos B e 2'2 
1 -e® eP _cosp 
and D = diag (1, i91, e92, e93), gj € [-x,m). Fora = ne E ee 


/3-+c082 6” 
1 cos B 


nd r = —===— we write the above matrix as follows 


SS a 
J 3+cos? B 3+cos? B 


rt t t 
tra a 
ta -r —a 
t a —a -r 


This is a zero-trace equitransmitting unitary Hermitian matrix constructed in [348]. 
The defined operator L is determined by 4 real parameters: one in the matrix 
S and three in D. The parameter included in S determine different transition 
probabilities through the central vertex, while not all phases included in D are 
important leading to unitarily equivalent operators. Let us calculate the spectrum 
explicitly in order to see this phenomena. 
The solution to the Laplace equation —” = k?y is given by 


ayeiklx—a1l + anelklx—a x € [x1, x2], 
Y@)= 


a3eiklx—13| + ageltlx—m4l x [x3, x4]. 


Remember that J} = x2 — xı and l2 = x4 — x3. Since the unitary matrix Š is 
also Hermitian, it plays the role of the vertex scattering matrix S connecting the 
amplitudes of the incoming and outgoing waves at the vertex. In other words, vertex 
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conditions (16.2) imposed on w imply that 


eiki a ay 
~ | ikh al a2 
S eikka, |7 | a (16.16) 
eiklag, we 
This equation can be written as 
ai 
(5s. = 1) 5 =0, (16.17) 
a4 


where 


Hence the spectrum of L is determined by the secular equation det (5 Se— I ) =0. 


We are going to show that the spectrum depends just on three parameters: $, 
the phase ¢ and the difference y3 — @2, i.e. one of the phase parameters can be 
eliminated if we are interested in the spectrum. 

One may look at the secular equation directly: 


14 [7 Fr pre (42 + gh) + cos (28) + a am e2ik(ith) 
+2 (7 E 31?) eikQh+) 4 opeiklhi+h) _ gt cost = git) 
— Ope (ra + 1) cos pı — 2t (2? — r? +rtcos B) ek +21) cos 91 


— 2rt?eitCh+h) (cosg + cos (28 — p3 + p2)) = 0. 
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Introducing ¢1 = ¢1, 62 = %3 — p2 We rewrite the equation as 


1+ ka por Hre (40>. + e'f) + cos (26) + rge] ek tla) 
+24 {(7? _ 31?) eft) 4 opeikli+hb) _ eith] cos (8 — do) 
ws Ga + 1) cos gy — 2t (2r — r? +rtcos B) e421) cos by 


— 2rt2elk2+2) (cog by + cos (28 — p2)) = 0. 


It is clear that the spectrum is completely described by the three mentioned 
parameters. 

Is it possible to see this using the unitary multiplication transformation described 
in the previous section? Consider the following function U(x) constant on each of 
the edges: 


w(x), x € Ey = [x1, x2], 
Uy (x) = 


e Pw (x), x € Ey = [x3, x4]. 


This unitary transformation does not change the differential operator but amends 
the vertex scattering matrix as follows 


§ = UT! ŠU = diag (1. eit 1, git) Š diag (1. eft 1, ed”) - (16.18) 

The transformation U obviously does not change the edge scattering matrix Se, 
UT! SeU = Se, 
hence 
det (Ss. = 1) = det (u-!5use = u-'u) =.. = det (5s = 1) 

Thus the secular equation remains unchanged despite one of the parameters having 
been eliminated. 

The parameters 1,2 are associated with the two loops forming T 2.4) and can 
be interpreted as fluxes of the magnetic field through the loops, since these phases 


disappear if the magnetic potential on the edges is chosen appropriately as described 
in the previous section. 
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16.3 Topological Damping of Aharonov-Bohm Effect 


This section is devoted to just one concrete example of a magnetic Schrédinger 
operator showing that dependence of the spectrum upon some of the magnetic 
fluxes may be damped by choosing appropriate values of the other fluxes. We call 
this phenomenon topological damping as explained at the end of the section. This 
example is taken from our recent paper [352]. 


16.3.1 Getting Started 


Consider again the figure eight metric graph T (2.4) given in Fig. 16.1 and magnetic 
Laplacian ae a given by the differential expression 


d 2 
TO0,a = (2 + a(x)) (16.19) 
dx 
assuming vertex conditions 
i(S— Dü = (S + Dau, (16.20) 


where u and du are the vectors of all limit values of the function and its normal 
extended derivatives at the vertex V 


u(x) u' (xı) — ia(xı)u (x1) 
z= u(x2) on (u! (xz) — ia(x2)u(x2)) 

u(x3) J” u'(x3) — ia(x3)u(x3) 

u(x4) — (u'(x4) — ia(x4)u(x4)) 


The matrix S is unitary and is used to parametrise all possible matching conditions 
making the operator L self-adjoint in L2 (T (2.4)) when defined on all functions from 
the Sobolev space w2 (T \ V) satisfying (16.20). 


Fig. 16.1 The figure eight 
graph T2.4) 


16.3 Topological Damping of Aharonov-Bohm Effect 391 


Our main interest is the dependence of the spectrum upon magnetic fluxes 
through the two loops 


x2; 
w=] ' a@x)dz, j =1,2. (16.21) 


2j-1 


Using transformation 


Ua : u(x) exp ( f aoas) u(x) (16.22) 


2j-1 


the magnetic Laplacian is mapped to the Laplacian ps? — LEA defined on the 
set of functions satisfying vertex conditions 


i(SPU® — Dù = (SPUR + Dai, (16.23) 


which are obtained from (16.20) by substituting the matrix S' with 


str = D-'sp, D= (16.24) 


u'(x1) 

> —u'(x2) 
ai= V(x) 
—u' (x4) 


In general the spectrum of the operator pre depends on the fluxes, but it might 
happen that only the sum of the fluxes counts. For example if 


0001 
0010 
0100 
1000 


S= 


then the graph is equivalent to the loop of length £ = x2 — xı + x4 — x3 and 
the spectrum obviously depends on the sum of the fluxes ¢; + ¢2. This case is 
not interesting, since the anomalous behavior of the spectrum is due to the choice 
of vertex conditions that do not respect the geometry of the graph: the vertex V 
can be divided into two vertices V! = {x 1; X4} and V? = {x2, x3} and the vertex 
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conditions connect separately the boundary values corresponding to the two new 
vertices. Such boundary conditions do not correspond to the figure eight graph but 
rather to the loop graph. 

Another degenerate example is when 


0100 
1000 
0001 
0010 


S= 


In this case the eigenvalues can be divided into two series: each one depending on 
one of the fluxes ¢; or ġ2 only. The vertex conditions connect together the pairs 
of endpoints (x1, x2) and (x3, x4) separately. The corresponding metric graph is 
not I'(2.4) but rather two separate loops formed by the two edges. This case is not 
interesting for us either. 

In what follows we study the magnetic Schrödinger operator corresponding to 
the vertex conditions given by the following vertex scattering matrix: 


00 a Bp 
0 0 -a 2. g2 
= R =1. 16.2 
S a-g 0 0 , a, BER, a“ +B (16.25) 
Ba 00 


This unitary matrix connects together boundary values at all four endpoints and 
therefore is properly connecting. One may visualize this by the following picture, 
where all possible scattering processes are indicated by curves (Fig. 16.2). 

It will be shown that interesting effects can be observed if the probabilities of 
these passages are equal, which corresponds to the choice a = B = 1/2: 


1 41 

¢ 0 -4L 
SS) ~ (16.26) 

o te 


Fig. 16.2 Visual 
representation of the 
connections determined by 
the vertex conditions with § 
given by (16.25): the curves 
indicate possible passages 
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16.3.2 Explicit Calculation of the Spectrum 


Our immediate goal is to derive the equation describing the spectrum of the operator 
pore depending on the fluxes ¢; and ¢2 and parameters œ and 6. The matrix S 
and therefore the matrix S?!?2 = D~'SD appearing in the vertex conditions is not 
only unitary, but also Hermitian. It follows that the corresponding vertex scattering 
matrix S, does not depend on the energy and coincides with 


0 0 a e! 2B 
0 0 —e!P1 B e—ib1—92) g 
Sob2 = a. ofan 5 i (16.27) 
e192 io) 0 0 


The differential operator on the edges does not contain any electric or magnetic 
potential, hence the corresponding edge scattering matrix is 


0 ek 0 0 
det 0 0 0 
Se = O a E (16.28) 


0 0 eke o 


where €; = x2; — x2j-1, j = 1,2 are the lengths of the edges. Then all nonzero 
eigenvalues are given by the solutions of the equation 


det (Se(k) S142 — I) = 0, (16.29) 
which is equivalent to 
zj 0 —eiki e itip eiki emi O9) g 
0 —1 eiki ekti eit B 
det | iktrg-idap giklrgibi-dq 1 0 = 
eik —elkta eiti B 0 =I 
(16.30) 


3 i h, 
< 1+ (0+6?) enka) 49 (costi +$2)B° —cos(bi —2)a) oik(Ci+l) o, 
(16.31) 


Taking into account that œ? + B* = 1 and e!*(1+) % 0 we arrive at the following 
secular equation 


cos k(l + £2) = a” cos(¢ — $2) — B* cos($) + 2). (16.32) 
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The right hand side of this equation is a real constant between —1 and 1 and 
hence solutions to the equation form a periodic in k sequence. The corresponding 
eigenvalues 4 = k? in general depend on both magnetic fluxes ¢; and 2. 

Interesting phenomenon occurs if one choses a = 6 = 1/2, i.e. the matrix S 
given by (16.26). The secular equation (16.32) takes the form 


cos(¢; — $2) — cos(¢, + 2) 
7 (16.33) 
= sin ģ1 sin 2. 


cos k(€1 + £2) = 


It follows, that if one of the magnetic fluxes is an integer multiple of x, then the 
spectrum is independent of the other flux. This is a trivial consequence of the 
secular equation (16.33), but we are interested in having an intuitive explanation 
of this phenomena. Aharonov-Bohm effect tells us that the spectrum of a system 
like magnetic Schrödinger operator on T (2.4) should depend on the magnetic fluxes. 
This dependence is damped only in very special cases. What is so special when one 
of the fluxes is zero? An explicit answer to this question is given in the following 
section. We use the trace formula connecting the spectrum of a quantum graph to 
the set of periodic orbits on the underlying metric graph. 

In what follows we are interested in this special case, therefore without loss of 
generality let us assume that ¢; = 0. 

Before proceeding, let us determine whether à = 0 is an eigenvalue of the 
operator LS" or not. k = 0 is a solution to the secular equation only if 
sin ģı sin ġ2 = 1. If one of the fluxes is zero, then k = O is not a solution to the 
secular equation. It follows that the algebraic multiplicity! mg (0) [332, 346] is zero. 

Let us turn to calculation of the spectral multiplicity m,;(0)—the number of 
linearly independent solutions to the equation pe w = 0. In order to underline 
that only the lengths of the edges are important, let us parameterize the edges as 
follows 


[x1, x2] = [0, £1], [x3, x4] = [0, £2]. 
All solutions to the differential equation are then given by: 


is ayx +b Ifx € [x1, x2], (16.34) 


axx +b Ifx € [x3, x4]. 


' The algebraic multiplicity is the order of zero in the secular equation, see Chap. 8. 
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Then at the endpoints we have 


by al 

> ail, +b > —a 
Y= a l, ow=] F]. (16.35) 

2 a2 

azl2 + b2 —a2 


The matrix S%-% is unitary and Hermitian, hence its eigenvalues are just +1. 
Therefore the vertex conditions (16.23) are satisfied if and only if both the left and 
right hand sides are equal to zero: 


al 0 1 evita 
2 2/2 2V2 ay 
0 1 elf iv —ib2 
2 —a\ 
e oe ra aœ |= (16.36) 
2/2 5 2 
eit e`ititipn 0 1 —a? 
2/2 2/2 2 
1 0 1 e792 
2 2/2 2/2 by 
0 1 z eibi eitig 
2 M2 we | pata) _o 16.37 
1 = eo! ] 1 0 bo = . ( . ) 
2/2 2/2 2 
ib ea iby tidy 0 1 azh + b2 
2/2 W2 2 


We omit tedious computations and give just a sketch. From the first equation we 
obtain aj = a2 = 0, then plugging this result into the second equation we obtain 
bı = b2 = 0 for any values of $2. This proves that A = 0 is not an eigenvalue and 
hence the spectral multiplicity (as well as the algebraic multiplicity) is zero in this 
case. 

Summing up the spectrum of the magnetic Schrödinger operator on T (2.4) is given 
by the solutions of the secular equation 


cosk£L=0, L= e+ bo, (16.38) 


provided one of the magnetic fluxes is zero. 


16.3.3 Topological Reasons for Damping 


We have seen that in the case ¢; = 0 the spectrum does not depend on the flux ¢2— 
the Aharonov-Bohm effect is damped which contradicts our intuition. The main 
goal of this section is to explain that this effect has a topological explanation. We are 
going to use trace formula (see Theorem 8.7) connecting the spectrum of a quantum 
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graph to the set of periodic orbits on the metric graph. It will be shown that orbits 
that feel the magnetic flux ¢2 give zero total contribution into the trace formula. 
Under a periodic orbit we understand any oriented closed path on the graph 
T 2.4), which is allowed to turn back at the unique vertex only. Paths having opposite 
directions are considered to be different. We repeat the trace formula (8.20) 


u(k) := 2ms(0)ô (k) + > (6(k — kn) + 6(kK + ky)) (16.39) 
an) 


£L 1 ; 
= (2ms (0) — ma (0)) d(k) + — + — X l(prim (y))Sy(v) cos kl (y). 
a m yeP 


The fluxes ġı and @2 are contained in the products S,(y), since the entries of 
Sy = SH1-#2 depend on the fluxes (see formula (16.27)). Therefore it is natural to 
expect that the left hand side also depends on the fluxes as well. On the other hand 
the left hand side in (16.39) is determined by the spectrum of LS! which in the 
case ¢; = 0 is independent of ¢2. More precisely, the spectrum is determined by 
cosk£ = 0 (we have already shown that A = 0 is not an eigenvalue in this case, 
ms (0) = 0) 

T 


kn = — a p n = 0, 1,2,3,. (16.40) 


Then the left hand side of trace formula can be written as 


u(k) = J. (8(k — kn) + 8(k + kn)) 
kn#0 


=2 alt) 
-Fo (k- =m) - a(k- Sm). 


meZ 


We use now Poisson summation formula 


X (x - Tn) = =e 


neZ oe 


ere al 7 


and rewrite the last expression as follows: 


2L ttn © ~i2Lm 
tO DOG (s+ Sn n)) = 2 ea S 2Lmk 


meZ 
(16.41) 
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This formula represents the distribution u(k) as a formal exponential series. This 
series is independent of $2, while the series on the right hand side of (16.39) 
formally contain ¢2, since S,(y) depends on the second flux. Let us examine the 
series over all periodic orbits in more detail in order to understand the reason why 
all terms containing ¢2 cancel. 

As we have shown, both the algebraic and spectral multiplicities of k = 0 are 
equal to zero, hence the right hand side of trace formula can be written as 


£L 1 
ulk) = = + — (prim (7) Sy() cos kl (y). 
T i yeP 


Let us note first that the sum in the trace formula contains contributions from the 
paths that go around the left and right loops equally many times. This is due to the 
fact that the coefficients 12, 21, 34, and 43 in the vertex scattering matrix are zero 


(S)12 = (Shi = (S) = ($)43 = 0. 


Therefore the length of each path with nontrivial S,(y) is an integer multiple of the 
total length £ := £1 + £2. 

The sum over all paths is taken over all closed paths and / (prim (y)) is the length 
of the corresponding primitive path. It will be convenient for us to distinguish paths 
with different starting edges—the first edges the path comes across. Then the sum 
2y ep (prim (y))Sv (y) cos kl (y) can be written as two sums—over the paths that 
go around the left loop first and over the paths that go around the right loop first: 


£L 1 
u(k) = = + — J (prim (y))S, (y) cos ki (y) 
~ T 


c ad i (16.42) 
== +— J Soly)coski(y) + }_ Sely) coskl(y), 
yeP; yeP, 


where P; denote the sets of paths where paths with different starting edges are 
considered different. The lower indices 7 and r indicate whether the path goes 
around the left or the right loop first. Each of the two sums can be treated in a 
similar way. 

Let us consider first the series Ly ep, Su(v) cos kl (y) over all paths starting by 
going into the left edge. After going around the left loop the path should go around 
the right loop and then again around the left one: the left and right loops appear 
one after another. Every such path can be uniquely parametrised by a series of 
indices v; = = indicating whether the path goes around the left or right path in 
the positive (+) (clockwise following the orientation of the edges) or negative (—) 
(anti clockwise) direction. All odd indices correspond to the left loop, all even—to 
the right loop. The number of signs is even, which reflects the fact that every such 
path goes around the left and right loops equally many times. For example the path 
indicted on Fig. 16.3 is parametrised as (+, —, +, +). 
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Fig. 16.3 A path of length 
2(L1 + 12) 


Let us turn to the calculation of the coefficients S,(y). The path indicated on 
Fig. 16.3 has coefficient S,(y) equal to 


So (Y) = (Sy) 14S) 32 (Sy) 13 (Sy )42 
=: eB : (—e!?! B) „a ef G1-92) q 
= eitig? p2 = eit, 


One may calculate the same product using the original vertex scattering 
matrix (16.26), but taking into account that each time when the path goes along the 
left or right loop the product gains the phase coefficient e*'®! or e*'®2, respectively. 
The sign corresponds to positive or negative direction. Each time when the path 
crosses the middle vertex, S, (y) gets an extra term +-+. Note that only coefficients 


corresponding to the transitions 2 — 3 and 3 — 2 have minus sign, all other 
coefficients are positive 


Sy) = i! E e~it ES it =l ip lih, 


V2. Me aa e aa 


left loop Pe right loop BF left loop ue right loop oa. 


positive negative positive positive 


It will be convenient to see the product S,(y) corresponding to the path 
(v1, V2, ..., V2n) divided into three factors 


e the product of all phase factors 


5n : “yon 
e Pj= Y2j-191 , el Bai v2j 92. 


e the product of absolute values of scattering coefficients 
1\” 1 
J 


Our next claim is that only paths that every second time go around the right 
loop in a different direction give a contribution into the trace formula. Consider the 


e the product of sign factors +1. 
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path p’ that contains the sequence (..., +, + , + ...). Then the contribution 
=A an a 
2m 2m+1 2m+2 
from the path p” obtained from p’ by reversing the edge with the number 2m + 1, 
i.e. given by (..., + , — , + ...), cancels the contribution from p’. Really, 
~ n a 
2m 2m+1 2m+2 
the phase contributions from p’ and p” are the same, the absolute values are also 
the same, while the product of signs for p’ contains (—1) x 1 corresponding 
to transitions 3 — 2 and 1 — 4, in contrast to the product 1 x 1 appearing 
in the product for p” (corresponds to the transitions 3 —> 1 and 2 —> 4, all 
other coefficients are the same). Similarly contributions from the paths given by 


(.., -—, —, — ...)and(..., — , +, — ...) cancel each other. 
Sa Se a a aA 
2m 2m+1 2m+2 2m 2m+1 2m+2 
Assume now that the path p’ contains the sequence (..., +, +, — ..-), 
Sas Se ea 
2m 2m+1 2m+2 
then the contribution from p” corresponding to (..., +, — , — ...) is just 
<m aA A 
2m 2m+1 2m+2 
the same. It follows that only the paths of the form (v1, +, v3, —, v5, +, v7, —,..-) 
and (11, —, v3, +, V5, —, V7, +,...) survive in the series. Every such path has 


discrete length (the number of edges it comes across) being multiple of 4. The 
phase contribution from such paths is zero, since we assumed ġı = 0. It follows 
that the sum over the periodic paths starting with the left loop does not depend on 
2. Similar result holds for the other sum explaining the reason why the spectrum 
of the magnetic Schrödinger operator on I'(7 4) does not depend on ¢2, provided 
go, = 0. 

Let us continue to calculate the sum over the periodic orbits. We have seen 
that only orbits of lengths 2n£ (discrete length 4n) make a contribution to the 
series. Consider for example the orbits of length 2£. Only the orbits of the form 
(11, +, v3, —) and (v1, —, v3, +) give nonzero contributions. The phase contribution 


, 4 
is e!9 = 1. The absolute value contribution is ( 43) = i The sign contribution 


is —1. Altogether there are 4 x 2 such orbits, since the signs v1, v3 can be chosen 
freely. So the total contribution to the series is: —£12 cos k2L. 

Similarly contribution from the orbits of length 2n£ is €,2(—1)" cosk2£n. 
Taking into account contribution from the paths from P, (starting by first going 
around the right loop) we get the following expression 


L 1l ~ 

u(k) = = + —(€1 + £2) X 2-1)" cosk2Ln 
JT uC —~— = 
=g "= 


(oe) (oe) 
= £ + £ (È (Qe = ere) 4 D (eee = a) 
T IE 
m=1 


2L ; L£ ; 
e7 ik4Lm oes 5 e tk2Lm | 


meZ meZ 
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which coincides with the expression (16.41) obtained using Poisson summation 
formula. 

The calculations carried out above show the reason, why Aharonov-Bohm effect 
is not present if one of the fluxes is zero: contributions from the periodic orbits going 
with non-zero flux cancel each other. On the other hand, if one of the fluxes is not 
zero, then the spectrum depends on the other flux as can be seen from Eq. (16.32). 
Similar result holds even if one of the fluxes is an integer multiple of z. It is clear 
that figure eight graph is not unique and other graphs exhibiting the same effect can 
be found. Trace formula together with our explicit calculations provides a recipe to 
construct such graphs. 


Problem 74 Investigate whether topological damping of Aharonov-Bohm effect 
can be observed for an equilateral flower graph. 
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Chapter 17 A 
M-Functions: Definitions and Examples P 


17.1 The Graph M-Function 


M-functions associated with quantum graphs provide an efficient tool not only to 
describe spectral properties of quantum graphs, but to solve the inverse problems. 
The goal of this chapter is to give a self-consistent introduction to the theory of the 
graph’s M-functions. 


17.1.1 Motivation and Historical Hints 


The classical Titchmarsh-Weyl M-function M(A) (see [501]) connects together 
the Dirichlet and Neumann data for any solution w of the stationary Schrödinger 
equation on the half-line [0, 00): 


— "a, x) + q(x)W(A, x) = AWA, x) > MA) = YO) Ima £0. 
Yà, 0) 


This function not only accumulates all information about spectral properties of 
the one-dimensional Schrédinger operator with arbitrary boundary condition at the 
origin, but can be used to determine the potential g. The point x = 0 is the unique 
boundary point and the inverse problem can be seen as recovery of the potential 
from the boundary observations. Our goal is to generalise this object for the case of 
quantum graphs. 

First of all we need to agree what should be understood as a graph’s boundary. 
One possibility could be to take all endpoints of the intervals forming the edges. We 
have already explored this direction in Sect. 5.3, where we derived the characteristic 
equation using the edge M-functions. In this approach the graph is considered as a 
collection of intervals and it is hard to see the graph’s topological structure. One may 
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say that this set is too large. Another possibility could be to identify the boundary 
of I with all vertices of degree one. The boundary defined in this way appears 
rather natural and has a clear visual interpretation, especially if the graph under 
consideration is a tree plotted on a sheet of paper. This definition does not work 
for all graphs since there are obviously graphs without any degree one vertices. 
Therefore in what follows we shall speak about the graph’s contact set 0 '—the set 
of vertices that are used to approach the graph T. Internal points on the edges can 
be seen as degree two vertices, hence the contact set may contain any finite set of 
points in T. 

We shall also assume that the vertex conditions at the contact vertices are stan- 
dard. This restriction is not essential, but will make all formulas more transparent. 


17.1.2 The Formal Definition 


Let T be a finite compact metric graph formed by N edges joined together at M 
vertices V”. The contact set oI is a fixed arbitrary subset of the vertices. Without 
loss of generality we assume that the vertices are enumerated so that the contact set 
is formed by the first Ma > 1 vertices: Ər = (vi. Let us denote by Da the 
total degree of all vertices from dT 


Da = > d(V"). (17.1) 


All vertices in I are thus divided into 


e contact vertices from or, 
¢ internal vertices from V \ aI. 


The magnetic Schrödinger operator LÈ a(l) is defined by standard vertex 
conditions on the contact set Əl and arbitrary Hermitian conditions at all internal 
vertices VMot! oy, 

Consider any nonreal à : Ima ¥ 0, and any function w(A, x) € W2 (T \ V) 
which is a solution to the stationary magnetic Schrödinger equation on every edge: 


d 2 
= (< J ia(s)) WA, x) JEVA, x) = AWG, x). (17.2) 


Every such function is continuous and has continuous first derivative—this is proven 
repeating the arguments presented in Sect. 4.1 substituting in Eqs. (4.5) and (4.6) the 
function f with Ay. 

It follows that the limiting values of w at the vertices are well-defined. We assume 
that y satisfies vertex conditions (3.51) at all internal vertices, but just continuity 
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condition at the contact vertices. Note that no condition on the derivatives is imposed 
on or. 

The vertex conditions at the internal vertices can be written using single (2N — 
Da) x (2N — Də) irreducible unitary matrix Si” as follows. We first introduce the 
notations 


yint = {W(x }x;¢ar, ayn = {9Y (x; )}x, gar, (17.3) 


where the 2N — D-dimensional vectors pint and ayint collect together all limiting 
values at the internal vertices. Then putting together the vertex conditions (4.8) at 
each internal vertex we get the (2N — Dg) x (2N — Dg) unitary matrix Sit, which 
is block-diagonal if the endpoints are ordered respecting the vertex structure 


s= Q Sn, (17.4) 


vmgər 


where Sm are the dm X dm irreducible unitary matrices parameterising vertex 
conditions at the vertices (4.8). In the rest of this chapter we shall always assume 
that the vertex conditions 


i (s™ 7 1) pin 2 (s™ + 1) ayint (17.5) 


are satisfied. 
In addition, we introduce the Mj-dimensional vectors of the limiting values at 
contact vertices 


p= Na AW =L D> avery. (17.6) 


* m 
xjeV 


It is important to remember that we assumed that the function w is continuous at the 
contact vertices, hence the values yy(V”™) are well-defined for m = 1,2,..., Ma. 
We use the sums of extended normal derivatives doxjevm dy (x;) instead of single 
values dw (xj) at the endpoints for two reasons 


e we are aiming to define the M-function as quadratic matrix-valued function; 
e the standard conditions at the vertices from Ər require additionally that 


dexjevm OW (x;) = 0. 


Definition 17.1 The graph’s M-function Mr (à) is the Ma x Mg matrix-valued 
function defined by the map: 


Mr): Y? m aw?, Imà £0, (17.7) 
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where yp and aw? are the limiting values for an arbitrary function y(A, x) 
satisfying the differential equation (17.2), the vertex conditions (17.5) at internal 
vertices and continuous at contact vertices. 


In order to justify this definition we need to show existence and uniqueness of 
the solutions to: 


Dirichlet Problem For arbitrary vector f e C™ find a function y solving the 
differential equation (17.2) satisfying vertex conditions (17.5) at internal vertices, 
continuous on OF and satisfying the boundary condition 


wa, dlar = F. (17.8) 


To show the existence, let us denote by L™” the magnetic Schrödinger operator 
defined on the functions satisfying vertex conditions (17.5) at all internal vertices 
and both Dirichlet and Neumann conditions at the contact vertices: 


yp =0, dv? =0. 


This operator is clearly symmetric, its adjoint to be denoted by L™* is given by the 
same differential expression on the domain of functions satisfying vertex conditions 
(17.5) at the internal vertices and just continuity condition at the contact vertices. 
Then Eq. (17.2) can be written as 


(L™* _ AJY (A, x) = 0. 


Let f be any vector from C™?, then obviously there exists a function w € 
Dom (L™*), such that w|arp = f. Consider now the function 


ees (Pao (Sw +w € Dom (L®®), 
— 
€ Lo(T) 
a 
€ Dom (LP) c Dom (L™*) 


where LP denotes the Dirichlet magnetic Schrödinger operator defined on the func- 
tions satisfying conditions (17.5) at the internal vertices and Dirichlet conditions 
at the contact vertices. Here we used that the operator LP is self-adjoint and its 
resolvent is defined on the whole Hilbert space. Clearly L™* is an extension of 
LP implying that (L™* — 2)(L? — A)! is the identity operator. It follows that y 
belongs to the kernel of L™** — à 
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Moreover, the restriction of w to the contact vertices coincides with f , since 
(LP =a) (L* — à)w € Dom (LP) > (a? Sy A)w) lar =0. 


Summing up, u is a solution to the Dirichlet problem formulated above.! 

To show uniqueness assume on the contrary, that two solutions to the Dirichlet 
problem exist, say the functions yı and y2. Then their difference w2 — yw is zero 
on dF and therefore belongs to the domain of LP. If w2— yy is not identically equal 
to zero, then it is an eigenfunction of LP corresponding to a non-real A, but this is 
impossible since the operator is self-adjoint. It follows that solution to the Dirichlet 
problem is unique. 

Let A > 0, then any symmetric matrix with real entries is an M-function for a 
certain compact metric graph [227] and given i. 

To understand spectral properties of metric graphs it will be convenient to look 
at the energy curves—the eigenvalues of the M-function dependent on the real 
parameter À. 


17.1.3 Examples 


Example 17.2 The M-function for the Laplacian on the single interval 7 = [0, 1], 
the contact set Əl being one of the endpoints, say Ər = {0}. Two different vertex 
conditions at the internal vertex are considered: 


(1) Neumann condition at x = 1 
y'(1) =0. 
(2) Dirichlet condition at x = 1 


Y) =0. 


Case (1) In the first case the function w(A, x) satisfying Neumann condition at 
x = lis 


WA, x) = cosk(x — 1). 


' The algebraic character of the proof given above may give a wrong impression. We were able to 
carry it out only because we knew that the Dirichlet operator L? is self-adjoint, which is a highly 
non-trivial fact. 
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Fig. 17.1 MY (A)— M-function for the interval, Neumann condition at one of the endpoints 


The M-function is given by the logarithmic derivative of y at x = 0 
My (a) =k tank. 


See Fig. 17.1, where this function is plotted for real values of the spectral parameter. 


The function is piece-wise monotone with singularities at A = 27 (3 +n 


’ n = 
0, 1,2,..., corresponding to the eigenvalues of the Dirichlet-Neumann Laplacian 
on [0, 1]. The zeroes of M are situated at à = m?n?, n=0,1,2,..., corresponding 
to the spectrum of the Neumann-Neumann Laplacian on [0, 1]. 
Case (2) Similarly, for the Dirichlet condition at x = 1 we have 
w(A, x) = sink(x — 1). 
The logarithmic derivative gives the M-function 
M? (a) = —kcotk. 
The function is plotted in Fig. 17.2. The singularities are located at A = z?n’, n = 
0, 1,2, ..., corresponding to the spectrum of the Dirichlet-Dirichlet Laplacian; the 
2 
zeroes—at A = m? (5 + n) , n=0,1,2,..., corresponding to the spectrum of 


the Neumann-Dirichlet Laplacian. 


These examples illustrate that the M-function depends on the conditions at the 
internal vertices, in this case on the condition at x = 1. The M-function is originally 
defined for non-real A but to see the spectra of the operators corresponding to 
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-104 


Fig. 17.2 M? (A)— M-function for the interval, Dirichlet condition at one of the endpoints 


different conditions at the contact vertex one has to consider the continuation of 
M(A) to the real line. This continuation has singularities which explains the reason 
why only non-real à were used in the definition. 


Example 17.3 The M-function for the Laplace operators on the single interval Ig = 
[0, £] and the contact set I’ equal to the union of endpoints Ər = {0, £}. 


This function has already been calculated in Sect. 5.3 for the Schrödinger equation. 
We repeat here explicit calculations in the case of zero potential. Any solution 
to (17.2) has the form 


w =acoskx + bsinkx. 


The parameters a and b can be calculated from the values of the function wy at the 
contact points 0 and £ 


cos k£ 


w(x) = cos kx w(0) + (i 7¥@ ) + aa) sin kx. 


The normal derivatives are 


peos ke 


vO Se Ot VO, 


-WS pa O na 
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We can write this system in matrix form as 


k 
(HO )a[ Pe Sn | (6). 179) 
=W K kooke | YO 
sin 
= M;, (A) 
The corresponding M-function is completely determined by the length of the 
interval. For almost all real A, more precisely for La #1,4,..., n2,..., this is 


a Hermitian 2 x 2 matrix. Let us plot its eigenvalues (see Fig. 17.3). We see that 
for every nonsingular À there are precisely two energy values, the energy curves are 
monotone between the singularities. An interesting feature of this example is that, 
at the singular points, say A = 4, one of the energy curves approaches +oo, while 
the other curve crosses the real line. One may say that the singularities and zeroes 
of M(A) occur simultaneously. 


Example 17.4 The M-function for the standard Laplacian on the lasso graph P'(2.2) 
with the loop of length £ and outgrowth of length s. The contact set formed by the 
unique vertex of degree one. 


This graph is depicted in Fig. 17.4, where parametrisation of the edges is 
indicated. 

To calculate the M-function it is enough to consider only even functions on the 
loop (odd functions are equal to zero at the inner vertex and are naturally continued 


Fig. 17.3 M-function for the interval with two contact points and £ = x . (The energy curves) 
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Fig. 17.4 The lasso graph 
roz 


by zero to the outgrowth): 


cos kx, on the loop, 
a cos kx + b sin kx, on the outgrowth. 


ya) = | 
Standard conditions at the vertex of degree three give 


k£ : 
cos 7 = acos ks + b sin ks 


ke 
2k sin = = —ak sinks + bk cos ks 


k£ _ ke, 
a = cos cos ks — 2 sin sinks 
2 2 
_ ke ke 
b = 2sin 5 cos ks + cos 5 sin ks 


The M-function is just equal to the ratio kb/a 


cos H sinks + 2 sin i cos ks 


Mro» (A) =k (17.10) 


cos H cos ks — 2 sin ke sinks 
Let us consider the special case £ = 27 


cos kr sinks + 2sinkz cos ks 


M à)=k i 
Tez) cos kx cos ks — 2 sin kv sinks 


The eigenfunctions supported just by the loop correspond to integer values of k: 
à = n?,n € N. These eigenvalues are not seen from the M-function as is indicated 
by the plot—the function is regular there 


sin ns 


2) — 
Mreze) =  cosns’ 
unless cosns = 0. For example, for n = 3 and s = z/6 we have cosns = 
cos 37/6 = 0 and we observe a singularity there. But this singularity has nothing 
to do with the eigenfunctions supported by the loop: small change of s shifts the 
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Fig. 17.5 | M-function for the Lasso graph with £ = 2x, s = 1/6 


singularity to a neighbouring point, while the eigenfunction on the loop and the 
corresponding eigenvalue remain unchanged (Fig. 17.5). 


Example 17.5 The M-function for the standard Laplacian on the loop T'(2.3) with 
two contact points. The lengths of the edges are £; and £2. 


Consider the graph formed by two intervals [0, £1] and [0, £2] joined pairwise at 
their endpoints. The contact set is formed by the two vertices (Fig. 17.6). 

The corresponding M-function is equal to the sum of M-functions for the two 
separate intervals of lengths £; and £2 (see (17.9)) 


Mr. 3) QA) = Mz, (A) + My, (A) 


k nm k 
sinké; sink ; (17.11) 
kcotk€; — k cot k£2 


—k cot klz — k cot kt2 
~ k ze k 
sink€;  sinkég 


To understand this formula consider solutions to the Schrédinger equation on 
the two intervals. Their normal derivatives are related via the corresponding M- 
functions to the values at the endpoints. Hence the sum of M-functions maps the 
values at the vertices in I y to the sums of normal derivatives. 

If the standard Laplacian on the loop has eigenfunctions equal to zero at both 
contact points, then the corresponding eigenvalues do not cause any singularities 
of M(A). This fact is best illustrated by plotting the energy curves for 0); = £2 
(symmetric case) and £; ~ £2 (non-symmetric case) (see Fig. 17.7). One can see 
that the number of singularities in the non-symmetric case is doubled compared 
to the symmetric case. In the non-symmetric case, we have chosen £; close to £2, 
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Fig. 17.6 Cycle with two 0 fy 
contact points T 2.3) 


this resulted in the appearance of almost vertical energy curves close to the points 


oA = 1,2°,... corresponding to the energies of the invisible eigenfunctions in the 
symmetric case. 


Problem 75 Calculate the M-function for the watermelon graph formed by three 
parallel edges of lengths £1, £2, and £3 joining together two vertices. Consider two 
cases 


(1) The contact set is formed by one of the vertices. 
(2) The contact set consists of the two vertices. 


Plot the corresponding energy curves for different values of £; including the case 
where all lengths are equal. 


17.2 Explicit Formulas Using Eigenfunctions 


The goal of this section is to present explicit formulas for M-functions in terms of 
the corresponding eigenfunctions. These formulas will be used to study properties 
of the M-functions, they also may be used to justify the definition itself, since the 
formulas we obtain will show another one time that the function y can be calculated 
for any vector of boundary values f = ye. The M-function will be given in terms 
of the eigenfunctions of two differential operators on the same graph r : 


int int 
Lor) and eo, 


These self-adjoint operators in L2 (T`) are defined by the same differential expres- 
sion (2.17), the same vertex conditions (17.5) at the internal vertices and standard 
respectively Dirichlet conditions at the contact vertices. Sometimes abusing the 
terminology, we are going to call these operators as standard and Dirichlet operators, 
also vertex conditions at internal vertices are not assumed to be standard or Dirichlet. 
Just in this chapter, we are going to use short notations for these operators 


L* := LSP) and LP := LSPT) (17.12) 


q,a 


hoping that this will not lead to any misunderstanding. 
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Symmetric case 0) = (2 = 7 
154 


-15} 


Non-symmetric case 44 = 7 — 0.2, l2 = m + 0.2 


Fig. 17.7 M-function for the graph T (2.3).(The energy curves) 


One of the usual ways to prove the existence of solutions of boundary value 
problems is to calculate the resolvent of the corresponding differential operator. 
Consider the standard operator L‘'. This is a self-adjoint operator with discrete 
spectrum and we denote the corresponding eigenvalues and eigenfunctions by à$ 
and yst, respectively. The eigenfunctions are assumed to form an orthonormal basis, 
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hence for any f € L2(T) we have the spectral resolution 


f=) WE fms. (17.13) 


n=1 


This equality can be written using the integral kernel 


kx, y) = Ov VEO) 
as follows 
f@)= Í k(x, Y) f dy. (17.14) 


If f € Dom (L*) then 


LY f= yas (We, Arie. (17.15) 


n=1 


Similar formulas hold for the functions of the operator, in particular, the resolvent 
is given by 


(L*-a)' f= Yes WS, Aoinwe, (17.16) 
n=1 7 


or as the bounded integral operator with the Hilbert-Schmidt kernel 


CO 


1 
n(x, y) =} = — iz en OVO). (17.17) 


n=1 


We start with the simplest example of the interval graph J = [0, 1] with the 
contact point x = 0 and Neumann condition at x = 1 (case (1) in Example 17.2). 
The corresponding M-function is 


sink 


M7(A) =k . 
cos k 


(17.18) 


We calculate now the resolvent kernel r} (x, y) explicitly. It is a solution to the 
following differential equation 


— rxs (x, y) — àr (x, y) = ô(x — y). (17.19) 
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Outside the point x = y, the kernel is a solution to the homogeneous equation. 
Taking into account boundary conditions at x = 0 and x = 1 we get 


acoskx, x<y, 
n(x, y) = 
Boosk(x — 1), x > y. 


The parameters œ, 6 should be chosen so that the function r} (+, y) is continuous at 
x = y and its first derivative has jump — 1, then differentiating r, twice one gets the 
delta-function as required: 


cosk(1 — y) 
= =e = coskx, x < y, 
n(x, y) = ao (17.20) 
SO che ae. 
= cos — 1), A 
ksink a 
We observe that the following formula holds: 
1 sin k 
— (7,0, 0)) =k =M). (17.21) 
cos k 


The formula connecting r, and M; is not just a coincidence, it can be generalised 
for arbitrary graphs. But let us understand first the reason why this formula holds in 
our example. We consider the limit lime—o 7, (x, €). The function r} (x, €) satisfies 
Neumann condition at x = 0, hence for small € > 0 we have approximately 


(= n)e +0,€)~—-l. 


It follows that 7,(x,0) is a solution to the homogeneous differential equation 
satisfying the boundary condition 


ð 
— 0,0) = —1. 
(<r) 0.0) 
Then the M-function can be calculated as 


&r (0,0) 


aN =l 


M7(A) = 


This formula can be easily generalised for the case of any finite compact metric 
graph T with the contact set T: the corresponding M-function is the matrix valued 
function with the entries 


zj 
Mra) =- (pos woh Hes, (17.23) 
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This formula holds for Schrédinger operators and arbitrary vertex conditions at 
internal vertices, but with standard conditions on the contact set oI. 

The proof follows the same lines as the proof of (17.22) and we are going to 
assume that the magnetic potential is identically zero a(x) = 0. This assumption 
is not restrictive, since vertex conditions at the internal vertices are arbitrary and 
elimination of a leads to a special change of those conditions. Consider the resolvent 
kernel r,(V/, y), VÝ € dF asa function of the second argument y, V/ being fixed. 
For any function g € Dom (L*) we have 


(L* — 2) 1(L* — ag = 9, 


implying in particular 
[ni (= 0709+ 40000) —490)dy = 9). a72 


Taking first ọ € Cx (En), n = 1,2,..., N we conclude that the resolvent kernel is 
a weak solution of the differential equation 


2 


3 , s , 
— gaV y) tqQ)r(V!, y) = àra (V”, y) 


on every edge. Every such solution is continuous and has continuous derivative 
inside the edges, hence we may integrate by parts in (17.24) taking g smooth on 
each closed edge: 


M M 
Yo} dS avi wen] -| 5 anv, eG) 
m=1 \xjeV™ m=1 \xjeV™ 
32 ; ; ; ; 
+f (Cavi HOV y an») g(y)dy = (V7). 
aaa aaastal 
=0 


Consider now test-functions g with the support including the vertex V/ and no other 
vertex and having all normal derivatives at x; € V/ equal to zero. It follows that” 


= x arn (VÍ, x) = 1, (17.25) 


xjeVi 


where we used that g is continuous at V/ due to standard conditions there. 


? Remember that the derivatives are taken with respect to the second argument here. 
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Relaxing condition that the derivatives are zero and considering all possible test 
functions we conclude that 


Yo ni, xia) = 0 


xieVi 


holds whenever Lai dy(x;) = 0, implying that 7,(V/, y) is continuous at y = 
VJ. 

Essentially the same calculations imply that the resolvent kernel satisfies stan- 
dard vertex conditions at all other contact vertices V”,m + j. At all internal 
vertices r} (Vt, y) satisfies the vertex conditions described by S'™t—the same 


conditions as the functions from the domain of L*t(= La: 

Summing up the resolvent kernel r} (-, V!) is a solution to the differential equa- 
tion (4.32) satisfying standard vertex conditions outside the boundary, continuous at 
the boundary vertices and having the following boundary values by (17.25): 


n(V!, V!) —1 
i mvs V3 i 
raV, lar = : » On(V’, lar = 


r(V!, V£) 0 


Similar formulas hold for r} (Vİ, -lər and Ər (Vİ, -)|ar, implying that the matrix 


> 3M 
— [rcv vi} is inverse to Mp (A). 


j=l 

Theorem 17.6 Let us denote by à% and YŠ the eigenvalues and ortho-normalised 
int a 

eigenfunctions of the Schrödinger operator L* = ie on a compact finite metric 

graph T with the contact set 01. Let standard conditions be assumed at the contact 


vertices Vİ € 80 and arbitrary Hermitian conditions at the internal vertices Vi ¢ 
or. Then the M-function for I is given by. 


o0 st st = 
(Wn lar, *) Vn | 
Mr (A) = (> n oo a a (17.26) 
n=1 n 


Proof We use the explicit expression for the resolvent (17.17) to get: 


oo 1 Soo 
m= Dra OWO. 


n=1 


The series is convergent in L2 (T). Our goal is to prove that the convergence is 
pointwise. 
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We show first that the series 


= Aer 


17.27 
AS +C pin 


n=1 


is (absolutely) convergent for any x € (T \ V) UOF and a certain sufficiently large 
positive C. 

Consider the case of the Laplacian (with the same vertex conditions). Let us 
denote the corresponding eigenvalues and normalised eigenfunctions by 39 and 
y? (x). We already established that the Laplacian eigenfunctions are uniformly 
bounded in the case of standard vertex conditions (11.37), but the proof did not 
use that the vertex conditions are standard; therefore we have 


Woal<clwin«w, ceERs, (17.28) 
—>=S_——S4 
= 1 


for any conditions at the internal vertices. The eigenvalues 20 satisfy Weyl’s 
asymptotics (4.25), hence the series (17.27) is absolutely convergent for C > —19. 

The delta distribution 6,, where x is any internal point on an edge, is a 
bounded functional with respect to the quadratic form of the Laplacian. Then the 
series (17.27) gives the norm of the delta distribution. To see this consider any test 
function g from the domain of the Laplacian’s quadratic form and consider the 
action of the delta distribution on it 


(Sx, 9] = PO) = Poder] = |SLOn + CP wh@A? + ©)? hl < 
2 me 1/2 
< (p or) (Ler +OP), (17.29) 
n n 


=(9,(Lo+C)¢) 


where g? = (Yo, P) Lr) are the Fourier coefficient of the function g with respect 
to the orthonormal system pes as Since the coefficients (a? +C )|v° |? can be 
chosen arbitrarily (of course subject to the convergence of the series), the positive 


NEC 
The Sobolev- -type estimate (11.11) 


lyr)? , EEEN 
series wa gives the norm of the delta distribution. 


2 
(qu, u)| < €(Lou, u) + = lull’, gel); 
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with a certain 0 < € < 1, implies that the quadratic forms of the Laplacian and of 
the Schrödinger operator with Lı potential are equivalent: 


2 
(1—e)(Lou, w)+(C-2)lal? < (Lqu,u)+C|lull? < (+e) (Lou, u)}+(C+2)]ull?. 


One might need to adjust C to satisfy C > 2, Hence the delta function is a bounded 
functional on the domain of the Schrödinger’s quadratic form. The norm of this 
functional is calculated as above just changing the upper index from 0 to st: 


st 2 1/2 
bx p)l < z ETA oe) (Erow ‘ ; (17.30) 


It follows that the norm is given by (17.27) and the series is absolutely convergent. 


vst) 
We show now that the series > £ 
= An +C 


given by the quadratic form of Lq 


YOy) vsti) Iwst(y) I? 
(D OHO aop HORD) y BEE 


AO) converges to r} (+, y) in the norm 


n=1 


st 2 
2% DE = (nbs I) Lg FOL, D). 


rar 


Equivalence of the Laplace’s and Schrédinger’s quadratic forms means that the 
series converges to r} (+, y) in Wl-norm DOE that the convergence is pointwise. 


va Œ)? 


In particular we have that the positive series S mo FC converges pointwise 
n=1 
to the function r(x, x), which is continuous everywhere on T outside an arbitrarily 
small neighbourhood of the internal vertices, where no continuity condition is 
assumed. Dini’s theorem implies then that the convergence is uniform, including 
the contact set Əl, where we have standard conditions. 
In particular we have 


oo stvi j 
ae ViAwst(Vi ae 
nvi, => SS vi, Vİ ear, 
n=l n 
where we used that the values yt(vi ) are well-defined due to standard vertex 
conditions on oI. It remains to take into account formula (17.23). For details see 
[345]. oO 
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Implications of this explicit formula will be discussed in the following section. 
Our goal right now will be to obtain a similar formula using the eigenfunctions of 


the self-adjoint operator LP = Be defined by Dirichlet conditions at all contact 
vertices. Formula (17.26) can be obtained using the theory of finite rank singular 


perturbations [23, 471, 473]. One may consider perturbations of the operator ia si 
by the delta-distributions ôy; with the support at the contact vertices 


(6y;,9) = oV’). (17.31) 


Formula (17.30) implies that ôy; is a bounded linear functional on the domain of 


the quadratic form of fas The perturbed operator is formally given by 


My Ma 
int int g 
LS + Yo ajôy; = LSY" +} aj lvi) bys, (17.32) 
= = 


where œ; € R are certain coupling parameters, and we use that for any continuous 
function g it holds 


ôy (x(x) = 9(V!)by; = (Sys, p) vyj. 


Such perturbations are called form-bounded [23, 442] and can be uniquely deter- 
mined in terms of the quadratic forms: the perturbed operator is given by the same 
differential expression, the same vertex conditions at internal vertices, but by delta 
vertex conditions on dl. The central role is played by the Krein’s Q-function, 
which appears in the formula describing the resolvent of the perturbed operator and 
therefore encodes the spectral properties. This matrix-valued Herglotz-Nevanlinna 
function (see Sect. 18.1 below) is given by the bordered resolvent 


(ew), := (8yj, (L* — A) bys) 


£ .] 
= (ov 2 ga g Un vn (17.33) 
n=] ” 
o0 st vi st vi P 


n=1 


We have Q(A) = —M7!(A) as matrices. 


Let us turn now to the perturbations of the Dirichlet operator LP = Ly 
The corresponding eigenvalues and eigenfunctions will be denoted by Ve and iy, 
n = 1,2,... To perturb operators with Dirichlet conditions the delta-distributions 
with the support at the contact vertices cannot be used, since they vanish on 
the functions from the domain of the operators. One has to use more singular 
distributions like the derivative of the delta-function. Consider for example the 


sm D 
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distributions 04); 


(88yi.9) = >> p&i), 7 =1,2,..., Mo. 


xjeV/ 


These distributions are well-defined on the functions that are continuously differen- 
tiable on the edges, in particular on the domain of the Dirichlet operator. But these 
distributions are not bounded with respect to the quadratic form of the operator, in 
other words, these distributions are not defined on all functions from the domain 
of the quadratic form. Such distributions are called form-unbounded [23, 442]. 
Roughly speaking formal expression generalising (17.32) does not determine the 
perturbed operator uniquely (even using quadratic form technique) 


Ma 
LP +9 aj (08yi, -)d5yi. (17.34) 
j=l 


To understand the reason, why such perturbations are not uniquely defined by the 
formal expression (17.34), let us examine the corresponding bordered resolvent: 


1 
(ddyi, ID zôôvi). (17.35) 
The scalar product in this formula cannot be understood even in the sense of 
distributions, since the element (LP — a)! ddyi belongs to the Hilbert space, but 
not to the domain of the operator. To go around this difficulty one considers the 
difference between the values of this function at two different points say à and A’ 


1 A=W 


= 
(yi 5p ave (dyi, ——— ee 


(17.36) 


LP — 


The expression on the right hand side is well-defined since 


A= 1) -ðőyi € Dom (LP). 
LP — 3. TP 3 
ELT) 
m 
€Dom (LP) 


In other words, one needs to regularise the integral determining the Q-function in 
this case. 
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Without going further into the theory of singular interactions we formulate the 
second formula for the M-function, interested readers may consult Chapter 3 of [23] 
or [345]: 


Theorem 17.7 Let us denote by uP and yP the eigenvalues and ortho-normalised 
int 

eigenfunctions of the Schrödinger operator LP = LS a” T) on a compact finite 

metric graph T with the contact set ƏT. Dirichlet conditions at the contact vertices 

and arbitrary Hermitian conditions at the internal vertices are assumed, then the 


M-function for T satisfies the identity 


[0,6] 


Mr(4)—Mr(Qa’) =>). 


n=1 


Ad 
OP =A)GP =X) 


(Ov lar. Jo@ravplar. (17.37) 


We see that this formula does not allow one to calculate the M-function directly, 
but just the difference of its values at two regular points. One may say that Dirichlet 
spectral data allow one to determine M-function up to a constant matrix. The two 
preceding theorems can be combined together to get the following explicit formula: 


oo st st = 
(Un lars) Vn lar 
mos- (So Wee 
n=1 N, 
Mra’) 
~ AA D D 
t2 gapga Tay Oe lar eaw@ravr lar. (17.38) 

n n 


Mr (A)—Mr a’) 


We finish this section by providing a couple of clarifying examples. 


Example 17.8 M-function for the interval J = [0, 1] with Neumann condition at 
x = | and the boundary point x = 0. 


To illustrate our methods we calculate the M-function M; (A) using formula (17.26). 
The spectrum and the eigenfunctions of the Neumann Laplacian are 


ast = (a(n — 1))?,n =1,2,...; 


v(x) =1, y(x) =V2cosm(n—1)x, n=2,3.... 
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Substitution into (17.26) gives 


oO -1 
1 2 
(i+ Dera) 
oO -1 
1 2 1 
= ( L a 2 ((k/r)? — z) (17.39) 


1 2 1\ 22\_ 
cotk 
à m? k) 2k 


M0) 


The result, of course, coincides with formula (17.18). 
In particular, we observe that 


M; (0) = 0. 


Hence formula (17.38) takes the form 


[0.6] 
Ma =0+). (OYP lar, Jeor ðY lar- 


n=1 


AD OL? =2) 


It remains to substitute the eigenvalues and eigenfunctions of the Dirichlet- 
Neumann problem: 


n 


2 
AP = (F@n-) a, ee 


w(x) = V2 sin 5 2n — Dx, n=1,2.... 


We use formula 1.421.1 from [245] 
Ax © 1 


T (2n — 1)? — x? 
n=l 


T 
tan —x = 
2 
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to get 


= À T 2 
MA = >> (Z @n—1 
i m (2Qn =D) (Fen 1) a) G á ) 


(17.40) 


yea 1 
-r 2 (2n — 1)2 — Qk/n)? 


= ktank, 


as one should expect. 


17.3 Hierarchy of M-Functions for Standard Vertex 
Conditions 


The easiest way to calculate M-functions for graphs is to use the M-functions 
associated with the single edges. This procedure looks especially simple if standard 
vertex conditions are assumed at all vertices—only these vertex conditions will be 
considered in the current section. The functions from the domain of the operator 
are continuous at the vertices and it is possible to introduce function values at the 
vertices w(V”) building the M-dimensional vector Wy = {w(V/ JKE T 


The first Ma components of this vector coincide with the vector y. Similarly the 
entries of the vector avy are equal to the sums of normal derivatives at the vertices. 
Its first Mj components coincide with the vector ay, Denoting by pint and aint 
the limiting values at internal vertices we have 


- (wp? - (ap 
by = (Sin) Ivy = (gan) (17.41) 


This leads to the natural division of the M-dimensional space C” > Wy, aWy into 
the orthogonal sum of the Mj and M — M»-dimensional spaces: 


The graph’s M-function Mr (A) is defined as the matrix connecting the limiting 
values of any function w(A, x) solving Eq.(17.2) on the edges and satisfying 
standard conditions at the internal vertices 


Mra) y? = ow’. (17.42) 
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On the other hand, the matrix function M* (A) introduced in Sect. 5.3.4 describes the 
relation between the boundary values at all vertices. Denoting by Mj; (A),i, 7 = 1,2 
the block components of M“ in the decomposition CY = C»? @ C“—™2 we write 
this relation as 


Mi (AY? + My" = ay? (17.43) 
MS)? + MS (avi = ayn” | 


Taking into account that standard conditions at the internal vertices imply that 
ayint = 0 
the second equation in (17.43) gives us 
MS, OOY? + M3, (ayy = 


The block MG, (A) is invertible for Im’ + O since otherwise it has a non- 
trivial kernel rapang that the self-adjoint Schrödinger operator on the same metric 
graph with Dirichlet conditions at V1, V?,.. a yM™Mə and standard conditions at 
yMa+tl |... V™ has a non-real eigenvalue. 

ingertibulity of M3 SI (A) means that the vector pint j is determined by y? 


vi" = — (MA) My? 
leading to the explicit Frobenius-Schur formula for the graph’s M-function: 
£ 3 ` =i ‘ 
Mr (A) = MÄA) -MBA (M55 (A)) M5 (A). (17.44) 


This formula will be useful in the abstract analysis of inverse problems for graphs, 
but it is often not very practical when one is interested in calculating the spectrum 
or the graph M-function for a particular graph. 

In the proof of (17.44) we did not use that the original M-function M*(A) is 
associated with all vertices in I’. It is enough to know the M-function associated 
with a larger contact set 3'T containing all vertices from ər. We summarise this 
observation as: 


Theorem 17.9 Let T be a finite compact metric graph with the contact sets OV and 
ƏT satisfying 


ar caT. (17.45) 
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Fig. 17.8 The lasso graph 
roz 


T3 T4 


Then the M-function M} (à) associated with the larger contact set 0'T determines 
the M-function Mr (A) associated with the smaller contact set 0 


Mr (A) = M4, 0) — Mp A) (M2 0)) | M5, (A), (17.46) 


where M;; (A), i, j = 1,2, are the blocks of M' (à) in the decomposition CM = 
C™ @ CYM with M' = |ð'T], M = la. 


Example 17.10 Let us calculate the M-function for the compact lasso graph T (2.2) 
depicted in Fig. 17.8 assuming that the Schrodinger operator is determined by the 
standard vertex conditions. 

The graph is formed by the edges [x,, x2] and [x3, x4] joined together at the 
vertices V! = x4 and V? = x1, X2, x3. The first edge forms the loop and the 
second edge is the outgrowth. Let us denote the corresponding edge M-functions 
by M}? (A), each being a 2 x 2 matrix function. To build up function M* we need 
to write the M-functions associated with the edges in the basis of the vertices: 


a. oe 
May =() 1 1 .) may = (Me MB). 
0 My, + Mi + Miz + My, Mj, My, 


The scalar M-function associated with the loop is obtained from the M-function for 
the interval by summing up the entries. Writing it in the basis of the vertices we get 
the matrix function with all except one entries zero. 

Then the 2 x 2 M-function M“ is given by 


2 2 
M'O) = M'Q) MO = (VP 1 ce aA p) 
Min My, + Mz + Miz + Ma + Mi, 


(17.47) 
Formula (17.44) gives graph’s M-function with the contact set V! 
2 2 1 1 1 1 T 
Mra) = M) — My, (mi + Mn + Min + My, + Mi) Mi (17.48) 
which is a scalar Herglotz-Nevanlinna function. We see immediately that the M- 


function depends just on the sum MŁ + Mi}, +M b + Mi, not on the particular 
form of the entries in M!(A). It will be shown later that precisely this feature of 


426 17 M-Functions: Definitions and Examples 


lasso’s M-function makes it impossible to solve the inverse problem in the case of 
standard vertex conditions. 

In the case of the Laplace operator (zero magnetic and electric potentials) we 
may use formulas (5.55) to get 


k 
—kcotkeo —— 
MÄ(1) = k sin key (17.49) 
- —2k cot k£; + — — k cot klz 
sin klz sin k£ 


and 


—1 


k y 2k 
Mr (å) = —k cot ke2 - 2k cotké; + ——— — kcotkl2 
sin keg sink£ 


(17.50) 


Problem 76 Show that formulas (17.10) and (17.50) are identical, provided £ = 
l1, S = b2. 


Example 17.11 Calculation of the M-function for the Laplacian on the equilateral 
star graph. 

Let Sq be the star graph formed by d edges of length £. Consider the Laplace 
operator on Sg defined on the functions satisfying most general vertex conditions 
(3.21) at the central vertex 


i(S— Dū = (S + Du. 
To calculate the M-function we need to solve the eigenfunction equation 
— ü" (x) = A0 (x), à = k?, 


subject to vertex conditions at the origin. Every solution to this differential equation 
can be written as 


ü = eb + eii. 
Taking into account the vertex conditions we arrive at (3.13): 


O k+DS+k- DI- 


a m TT 
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It follows that the boundary values of such solution are related via the following 
matrix 


ge phei er 4 eS.) b: 
ai? = ike" b — ike! = ik (ew = ek S) b, 


eke _ ek Sy (k) 


MQ) = ik———_.____.. 
= ( ) l eWtkl 4 eikl S (k) 


(17.51) 


Problem 77 Consider the case of the star graph with standard vertex conditions. 
Simplify formulas (17.51) and explain the mechanism behind. 


Problem 78 Consider the case of the equilateral star graph with standard vertex 
conditions. Simplify formulas (17.26) and (17.37) and calculate the corresponding 
M-function. 


Problem 79 Describe the relation between the graph and the edge M-functions in 
the case of arbitrary Hermitian vertex conditions at inner vertices. 
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Chapter 18 A 
M-Functions: Properties and First TCA 
Applications 


18.1 M-Function as a Matrix- Valued Herglotz-Nevanlinna 
Function 


We start with the definition of matrix-valued Herglotz-Nevanlinna functions. 


Definition 18.1 A matrix-valued function M(A), à e C, is called Herglotz- 
Nevanlinna if and only if 


(1) it is analytic outside the real axis à € R; 
(2) it has positive imaginary part in the upper half-plane:! 


Ima > 0 > ImM(A) > 0; (18.1) 
(3) it is symmetric with respect to the real axis 


M*A) = M(a). (18.2) 


Slightly different definitions of Herglotz-Nevanlinna functions can be found in 
the literature: for example, one may consider M(A) defined in the upper half-plane 
only, but then it is natural to extend it to the lower half-plane using (18.2). We refer 
to [239, 284] for comprehensive surveys on Herglotz-Nevanlinna functions. 

We shall always consider any Herglotz-Nevanlinna function defined on the 
maximal domain, even for real values of 4 if the corresponding non-tangential limit 
exists. 


l Let M bea quadratic complex matrix. Then Re M = 1 (M + M*) and Im M = 4(M — M*) 
denote its real and imaginary parts, respectively. The imaginary part is non-negative if the quadratic 
form of Im M is non-negative. 
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The real axis A € R contains all singularities of Herglotz-Nevanlinna functions, 
since it is not assumed that the function is analytic there. If a function M is singular 
at a certain point Ao, then this does not necessarily imply that it is in some sense 
infinite there: the function may have a jump at Ao, so that the limits 


M(Ao + i0) := e + ié€) 


exist but are different. 

The subclass of Herglotz-Nevanlinna functions we are going to use can be 
called Wigner functions [344, 502, 503] and it is characterised by the additional 
requirement that the function is analytic on C outside a discrete set of real 
singularities. It will be shown that in this case the singularities are nothing else 
than the eigenvalues of the Dirichlet operator LP as formula (17.37) suggests, but 
certain accuracy is needed, therefore we postpone this discussion until the end of 
the current section. 

Let us prove now that graph’s M-function is a matrix valued Herglotz-Nevanlinna 
function. One has to show that the matrix is analytic, has full rank and that 
its imaginary part is nonnegative in ImA > 0 In order to prove the first two 
statements we are going to use explicit formula (17.7). This step might look easy, 
but one should remember that to derive the explicit formula the theory of singular 
perturbations was used [23]. After the existence is proven, to show that M-function 
has non-negative imaginary part is a relatively easy exercise—one either uses the 
same explicit formula or the integration by parts. The second approach does not 
require any knowledge of the theory of singular perturbations, therefore both proofs 
will be presented. 


Theorem 18.2 Let T be a compact finite metric graph with the contact set 
or formed by Mg vertices. Then graph’s M-function Mr (à) is a matrix-valued 
Herglotz-Nevanlinna function. 


Proof We have already established that solution to the Dirichlet problem (17.8) 
is unique. The existence of the solution follows also from formula (17.7), which 
provides an explicit expression for M(A) in terms of the eigenfunctions of L*t(T). 
In fact the formula shows that the M-function is given by a sum of projectors with 
the coefficients cae The matrix-valued function determined by this formula is 
analytic outside the real axis since the eigenvalues A“ are real and the series is 
absolutely convergent. 

To prove that the imaginary part is positive in the upper half-plane Imi > 0, 
one may use the same formula and take into account that 


1 1 
Im = ImA, 
aia AS —aAP 


which implies that the imaginary part of Mr is a sum of projectors with positive 
coefficients. 
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Positivity of M-function’s imaginary part can be also proven directly via 
integration by parts. Let (A, -) be a solution to the Dirichlet problem (17.8), then 
we have 


MYO) = (WO), Tga VALT) 
= (°, OW rome + (vi api") 
+f (Iv/.2) = ae, 2)? HONA P) dx 
_ B ï f f 
= (p°, dp )omy + X (Y, Asm”) can 
m=M)+1 


N 
+I f, (WO. -ia DP HOOD) de. 


n=l 
Taking into account that the operators As» are Hermitian 
Im (yi ’ Asm W” Y) Cdm = 0 


and the potential g is real-valued 
im f (WG. = fae OOP HOA DP) dx = 0, 

En 

we conclude that 
Im Al WA)? = Im (H?, 4?) omy = Y’, IMMPA)W*) em. 

The latter equality implies that the matrix Mr (A) has positive imaginary part in the 
upper half-plane of À. Of course we need to take into account that Y° is arbitrary 
(the Dirichlet problem (17.8) is always solvable). 
_ To prove the symmetry of the M-function consider any two solutions y(A) and 
w(A) of the Dirichlet problem (17.8) for the spectral parameters A and à. Then it 
holds: 


0 = (qa 0, WA) Lory — (WA), tah A) Er) 
= (24°), FO) omy — (0A), OFA) omy 
= (Mr O)t?, #) em — (0?, Mr Y? )em, 


which implies Mr (A) = Mý (A) since the vectors yp? and ag are again arbitrary. 
Oo 
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Formulas (17.26) and (17.37) indicate that the eigenvalues of the operators 
on T can be seen from the M-function: the eigenvalues of L‘' appear as certain 
zeroes of Mr, while the spectrum of the Dirichlet operator LP corresponds to the 
singularities. This connection is particularly clear when I is given by just one 
interval. Let us return to Example 17.8 where the M-function was calculated for 
the interval Z = [0, 1] with Neumann condition at x = 1 and the contact set given 
by x = 0. The M-function was expressed using the spectrum of the Neumann- 
Neumann and Dirichlet-Neumann problems. In the first approach one gets (17.39) 


ao 12 2 
—M;() = a agar 


The singularities of —Mr ay i.e. zeroes of Mr (å), occur when à = rên’, n= 
0, 1,...—on the spectrum of the Neumann-Neumann problem. Similarly, the 
second formula (17.40) 
8A à 
M= — 
T 


— (Zn -1)} Sh 


implies that the singularities of Mņz(à) are situated at the eigenvalues of the 
Dirichlet-Neumann problem. 

This observation cannot be extended for arbitrary graphs without any modifica- 
tion for at least two reasons: 


e zeroes and singularities of matrix-valued functions may occur at the same point; 

e not all eigenvalues may be detected from the M-functions, since the eigenfunc- 
tions with zero values on the contact set We lar, ay? lar do not contribute into 
the formulas (17.26) and (17.37). 


Our immediate goal now is to discuss how to extend these observations for arbitrary 
graphs. 

In the first step we need to define what should be understood as zeroes and 
singularities of a matrix-valued function. We are going to use the following natural 
definitions: 


Definition 18.3 Matrix-valued function M(A) has a singularity at A = p iff there 
exists a vector b such that 

IM(A)b|| > co as à > u. (18.3) 
The multiplicity msing(A) of the singularity is equal to the dimension of the subspace 
spanned by all vectors b satisfying (18.3). 


Of course, this definition requires that the function M is defined in a certain 
neighborhood of jz, but maybe not for A = u. 
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Definition 18.4 Matrix-valued function M(A) has a generalised zero at u iff 
—M~!(A) has a singularity at u. The multiplicity mzero(A) of the zero coincides 
with the multiplicity of the corresponding singularity mging(A) for —M7!(A). 


Note that this definition does not necessarily imply that M is well-defined at 
à = p, and hence it may be inappropriate to require that the kernel of M(jz) is 
non-trivial. On the other hand, if M(jz) is well-defined, then jz is a generalised zero 
if and only if the kernel of M(jz) is non-trivial. 

One might wonder, what is the reason that to define generalised zeroes we use 
the inverse matrix and do not try to find a vector b # Ó, such that 


IM(A)b|| > 0, as A> u (18.4) 


(as was done for the singularity in (18.3). This criterion works in many cases but, as 
the following example shows, cannot always be used. 


Example 18.5 Consider the 2 x 2 matrix 
MD=| 2 
1 


The matrix function M(A) is a sum of three Herglotz-Nevanlinna functions 
1 
“= 9 ; i >) and ( s) and hence is a Herglotz-Nevanlinna function. 
00 Or 10 


Point A = 0 is a singular point, since 


1 
lim |M) ‘ || = lim = = œ. 
A>0 0 A>0A 
Point à = 0 is a generalised zero, since for the inverse matrix 


M!(4) = oe =i 
~ Z pei 
à 


we have 


lim |M A) o) | = lim EN 
10 1 a>0 À 
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On the other hand, it is impossible to find a vector b= (b1, b2) Æ (0, 0), such 
that (18.4) holds. Really, we have 


1 
7 = bi + b2 
M(Q)b = A 2 
a) ( by +Ab2 ) 
Looking at the first component we see, that the limit is zero only if both coordinates 
of b are zero. Hence b = 0, which is excluded. 
Instead of using (18.4) for the definition of generalised zeroes, one may require 
that there exists a normalised sequence bO), ||b(A)|| = 1, such that 


lim (b0), M(A)b(A)) = 
A> 


holds. For the matrix M above, the sequence can be chosen as b = 
(A, V1 — 2), |A| < 1. For this choice of the vector sequence we have 


(b(A), M(A)b(A)) = -42 +2AV1 JP +10 -13 > 0. 


In our opinion Definition 18.4 is easier to work with and that definition will be used 
in the sequel.? 


Using the definitions above we may provide explicit characterisation of some 
part of the spectra of L* and LP via the corresponding M-function. 


Theorem 18.6 The M-function determines certain eigenvalues of the standard and 
Dirichlet Schrödinger operators L*(T) and LPT) as follows: 


(1) If ào is a generalised zero of Mr, then ào belongs to the spectrum of the 
standard operator L*; 

(2) If ào is a singularity for Mp, then do belongs to the spectrum of the Dirichlet 
operator LP; 

(3) Between the singularities, the matrix Mr (à) is a monotonically increasing 
analytic function of À. 


Proof As in the example above, our proof will be based on formulas (17.26) 
and (17.37). Let us first re-write (17.26) as 


CO n j 
> (Yr lar, -J Ms Vr lar 


-Mr = el 
n 


(18.5) 


n=1 


The series giving the entries of the matrix-valued function are absolutely convergent 
for any A Æ AS. Hence the singularities may occur only at the points A = AS'—the 


? The author is grateful to A. Luger for providing this explicit example. 
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spectrum of the standard operator on I. Choosing b= w*'lar we see that 


> war ll? , 
IMr b] ~ E te => oœ, asà — ìt, 
n 


Moreover, the multiplicity mzero (AS) of the generalised zero coincides with the 
dimension of the linear span of the traces on the contact set OI" of all eigenfunctions 
corresponding to the eigenvalue A‘: 


Mzero(Ay) = dim span {Wjlar} ayaa’ (18.6) 


It is clear that the multiplicity of A* as a zero of Mr cannot exceed the multiplicity 
of AS as an eigenvalue of L*, but it is easy to construct examples, where these 
multiplicities are different: take any A% such that there exists an eigenfunction yy“ 
with zero trace on OI : yilar = 0. An eigenvalue A* can be detected from the 
M-function only if at least one of the corresponding eigenfunctions has non-zero 
trace on the contact set oI’. 

The singularities of Mr can be analysed in a similar way. Let us re-write (17.37) 
as 


AD 


GPa GP IaH (Ov lar. oond yP lar- (18.7) 


Mr(4) = Mr’) + >, 
n=1 


The singularities occur, as above, only at the points à = aP —the spectrum of the 
Dirichlet operator on I. The multiplicity of the singularity can be calculated using 


Msing(&2) = dim span {av-P lar } (18.8) 


Aj=AP 


As above, a Dirichlet eigenvalue can be detected from the M-function only if there 

exists an eigenfunction with non-zero trace dw Pp lar and the multiplicity of the 

singularity does not exceed the multiplicity of the Dirichlet eigenvalue. 
Monotonicity of the matrix function can be proven by differentiating (18.7) 


ð 1 
—Mr() =} GD aye OMe lar: earyoVy lar (18.9) 


implying that for non-singular values of à the matrix valued function &Mr (A) isa 
sum of projectors with positive coefficients. o 


Note that this theorem does not imply that all eigenvalues of the standard and 
Dirichlet operators can be determined from the M-function: only the eigenvalues 
with non-trivial traces on the contact set can be detected. This fact may sound 
disappointing, but we are going to show that at least the lowest eigenvalues 
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can always be determined, provided the vertex conditions at internal vertices 
are generalised delta conditions. The corresponding operators with standard and 


Dirichlet conditions on the contact set will be denoted by my ) and meg ) 
respectively. 


Theorem 18.7 Let Mr(A) be the M-function for the Schrodinger operator 


int g 
Lg SET) on the finite compact metric graph F with the contact set Əl and delta 
or generalised delta-couplings at internal vertices. Then the lowest eigenvalues of 
the standard and Dirichlet operators on T can be detected from Mr: 


a Say ra U is the lowest (generalised) zero of Mr; 
° A? =i a" T) is the lowest singularity of Mr. 
The function Mr (A) is negative on the interval (—oo, 44). 


Proof Theorem 4.16 states that the ground state eigenfunction can always be 
chosen nonzero in the case of delta-couplings and generalised delta-couplings at 
the vertices. Hence the trace of vi on the contact set is non-zero. Moreover the 


k int g int . : é . . 
lowest eigenvalues for L%™St and L®™P cannot coincide since otherwise any linear 
combination of the corresponding eigenfunctions 


ciy + cow? 


would minimise the quadratic form for L&"St, which is impossible since the ground 
state is simple. It follows that Mr (A) is regular at 24 (Le St(P)) and therefore its 
determinant is zero. 

In the case where Dirichlet conditions are introduced at certain vertices, the same 
Theorem 4.16 states that the ground state eigenfunction can be chosen strictly 
positive, i.e. it is equal to zero only at the vertices, where the Dirichlet conditions are 
imposed. Let us show, that in this case the traces ay? lar are non-trivial. Assume 
the opposite, i.e. that aw? lar = 0. At any contact vertex this would imply that not 
only the sum, but all normal derivatives are zero, since the function is non-negative. 
Then on each edge adjusted to the contact vertex, the ground state eigenfunction 
is identically equal to zero since it satisfies the second-order differential equation 
=y + q(x) = àı yı with zero Cauchy data. We get a contradiction to the fact 
that y K attains zero only at the Dirichlet vertices. 

To accomplish the proof consider formula (17.26) for à < at to get 


oo st st 
ias — Yo (Vn lar Aar Vn lar 
-Mr w=}, qst— 4 20 
n=1 n 
as a sum of projectors with positive coefficients. o 


Note that we have proven a slightly stronger statement: the vectors ylar and 
yP lar do not have zero components. 
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Herglotz-Nevanlinna functions considered here belong to the Wigner class 
having discrete sets of singularities and generalised zeroes, both tending to +00. 
Let us denote the singularities and zeroes monotonically by a; and b; respectively. 

As before we introduce the energy curves — the eigenvalue branches of Mr (A) 
on the real axis. The M-function is Hermitian for à € R and therefore for every 
regular à there are precisely My eigenvalues of Mr (A) depending continuously on 
à. It follows from Theorem 18.6 that between the singularities the energy curves are 
monotonically increasing functions of i. It is clear that these curves may cross each 
other. Understanding the behaviour of the energy curves globally and locally (near 
the singularities) is our next task. 

The structure of Wigner functions close to their singularities can be described by 
formula (18.10) below. For the proof we are going to use representations (17.26) 
and (17.37) for simplicity, also this fact has a general nature and can be proven 
without using any explicit formula. 


Lemma 18.8 Let a; be a singularity of the M-function My (A). Then the following 
representation is valid in a certain complex neighbourhood of aj 


Mr (A) = a, + F(A), (18.10) 
aj— À 


where 


Cj= 5 (Ov? lar. Joana yr lar 


An=Gj 


is a non-negative Hermitian matrix and F (i) is analytic in the neighbourhood. 
The rank of C; is equal to the multiplicity mging(aj). The eigenvalue branches 
Hj (A) of Mr (A) for real à near a; can be divided into two classes: 


¢ Ms — mMsing(a;) locally bounded eigenvalues given by monotonic functions that 
are analytic in a neighbourhood of a; functions; 

° Msing(a;) singular eigenvalues, piecewise monotonic for à # aj and possessing 
the asymptotic representation 


Oj 


uil) = F +O(1), >a, (18.11) 


J 


where oi, i = 1,2, ... , Msing(a j) are non-zero eigenvalues of Cj (counting with 
multiplicities). 
Proof Representation (18.10) follows directly from formula (17.37). Consider the 
Mə x Mə matrix valued function 


(aj — X)Mp(A) = C; + (aj —X)FQ). 
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It is analytic in the neighbourhood and Hermitian on the real axis, therefore its 
eigenvalue branches A; (A) can be chosen analytic [283] such that 


bi) =o; + Oj —A), A> aj, ,§=1,2,...,Ma, 


where o; are all Ma eigenvalues of C;. Therefore the eigenvalue branches ju; (A) of 
Mr (A) can be chosen so that u; (à) = -= + O(1). m 


aj—àÀ 


The following geometric lemma is central for our method, since it determines 
a relation between the number of generalised zeroes and singularities of the M- 
function to the left of any real point x. This result is of general interest and 
hopefully will be used not only for graph M-functions. The proof presented here 
can without any problem be generalised to include arbitrary meromorphic operator- 
valued Herglotz-Nevanlinna functions not having singularities below some Ap € R 
(for example from the Stieltjes class). 


Lemma 18.9 Let Mr(A) be the M-function for the graph T. Then the number r(x) 
of generalised zeroes (counted with multiplicities) strictly to the left of any point 
x € R can be calculated using the following formula 


r(x) = > rankC; + lim # {positive eigenvalues of Mr (x — €)}. 
aj<x = ext 
= Msing (aj) 


(18.12) 
Corollary 18.10 To the left of each x there exist at least > Msing (aj) generalised 


aj<Xx 


zeroes of Mr (A). 


Proof The inverse function —Mr(A)~! is also a Herglotz-Nevanlinna function: 
analytic outside the real axis and has non-negative imaginary part in the upper half- 
plane. The symmetry relation is also satisfied. The singularities of —M;! (A) may be 
situated only at the spectrum of the standard Laplacian (see (17.26)) and therefore 
form a discrete set. 

Between the singularities the energy curves aj(A) are continuous monotonic 
functions. Following Lemma 18.8 let us divide the energy curves near any singular 
point aj into two classes: 


e regular curves—continued monotonically across aj; 
e singular curves—those approaching +00 on the left and —oo on the right of aj. 


The singular curves obviously are not monotonic on any interval containing 
corresponding singular points. In order to repair this, let us apply modified arctan 
map as follows. The function arctan x is defined up to mn,n € Z. In accordance 
with Theorem 18.7 in the region à < A all energy curves are negative and regular, 
therefore we define y;(A) = arctan u j (A) to have values in the interval (—z/2, 0). 
For general real à each curve arctan u ;(A) is defined as continuous and monotone 
(globally for all A € (—o0ọ, oo)): each time when uj crosses its singular point 
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Symmetric loop: original eigenvalue curves x; (A). 
5- 


Symmetric case: transformed eigenvalue curves y;(A). 


Fig. 18.1 M-function for the loop, two contact points 


(jumping from +00 down to —oo) we add extra +z to the value of the function 
arctan y j (À). 

To illustrate the introduced transformation we plotted in Fig. 18.1 both the 
original and transformed eigenvalue curves for the symmetric loop with 0; = £2 = 
x taken from Example 17.5. 
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The described procedure gives us precisely Mg continuous monotonic curves on 
the (A, y)-(half)-plane 


{-—00 < À < 00; =m /2 < y < ow}. 


Note that we do not assume global analyticity of the branches y;(à). Generalised 
zeroes of Mr (A) correspond to those À for which one of the modified energy curves 
crosses the horizontal lines y = zn,n = 0,1,2,.... The horizontal lines y = 
u/2+mn,n=0.1.2,... correspond to the singularities of Mr (A). 

Consider any nonsingular point x Æ aj, j = 1,2,... The branch yj; crosses 
the horizontal lines y = mn, n = 0,1,2,..., on the interval (—0oo, x] precisely 


pe | + 1 times, where |y] denotes the integer part, i.e. the largest integer not 


greater than y. Hence the total number of crossings is Ma + 1 1 

The obtained formula is possibly hard to apply, since to calculate r(x) one needs 
to know the history of all energy curves y; for A < x. To derive a more explicit 
formula, let us note that by monotonicity each energy curve crosses the lines y = 
mz /2 + zn on the interval (—oo, x) at least as many times as the lines y = zn. The 
difference is at most equal to one and is different from zero if and only if u j (x) > 0. 
Hence the total number of generalised zeroes to the left of x is equal to the number 
of singular points to the left of x, counted summing up the ranks of the matrices Cj, 
plus the number of positive eigenvalues of Mr (x). We obtain formula (18.12) for 
nonsingular points x. 

To prove the formula for all x € R it remains to consider the case where x = a jg 
for a certain jo. Take any nonsingular point s < x close enough to x so that in 
particular no other singular point or zero lies between s and x. Then obviously 
r(s) = r(x) and we may use (18.12) in the regular situation. We get formula (18.12) 
in the limit s > a; — 0. o 


This lemma in particular gives us an effective tool to estimate a few lowest 
detectable, or visible eigenvalues—the eigenvalues that are generalised zeroes of 
the M-function. For example, in the case of standard Laplace operator on I we 
have: 


e The interval (—oo, 0) is free from the zeroes and singularities; 

e The point A = 0 is a generalised zero and is an eigenvalue of the standard 
Laplacian; 

e The matrix-valued function Mr (A) is negative on (—oọ, 0). 


Most of the statements are direct corollaries of the formulas (17.26) and (17.37). 
One needs to take into account that the standard Laplacian is non-negative with 
the unique eigenfunction w(x) = 1 corresponding to the lowest eigenvalue 4; = 
0, provided the graph IF is connected. This eigenfunction has the trace yilar = 
(i,1,..., 1) and can be seen from Mr. 
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In this section we apply the developed theory of M-functions to study behaviour 
of the spectrum when two graphs are glued together. It turns out that we are able 
to fully analyse the behaviour of the spectral gap — the difference between the two 
lowest eigenvalues. This question has already been discussed in Sect. 12.5 but the 
methods used there (just estimates involving Rayleigh quotient) are too rough to 
give precise answer to the question what happens to the spectral gap. The answer 
given there is exhaustive only in the case when the graphs are glued at one vertex. 
How complicated this question could be in the case of gluing at two vertices can be 
seen from Examples 7.12 and 7.13 where we analysed the spectral gap behaviour 
under adding a single interval to simplest graphs formed by one and two edges. 
If the original graphs would be more complicated, then no precise analysis could 
be carried out. Precise answer can be given only analysing the structure of the 
M-functions associated with the glued parts. Our discussion will be restricted to 
the case of standard Laplacians, but all ideas can be easily modified to cover 
more general Schrédinger operators with delta or generalised delta-couplings at the 
vertices. 

Consider two metric graphs I‘; and T2. Pick up two subsets of vertices ðr j = 
{V”" (T D ı of the same size. Then the glued graph I is the union of the 
original graphs Tı U T2 with the vertices belonging to Ər; and ƏT% identified 
pairwise. We are going to use the following notation 


Tr =T; Ua To, 


assuming that the boundaries of the original graphs and the way they are paired 
together are fixed. 
The following operators will play an important role in this section: 


e the Dirichlet Laplacians LP (T1,2) defined on the functions satisfying Dirichlet 
conditions on the contact set and standard conditions at all inner vertices; their 
eigenvalues will be denoted by APT 1,2); 

e the standard Laplacians L*(T), L*(T1,2) defined on the functions satisfying 
standard vertex conditions at all vertices; their eigenvalues will be denoted by 
àj) = A$ (T) and à; (11,2) = AS (1,2). 


We shall warm up by proving the following elementary theorem using two 
different methods: via Rayleigh quotient (as in Sect. 12.5) and via graphs M- 
function. 


Theorem 18.11 The first (nontrivial, i.e. non-zero) eigenvalue à2(T) of the stan- 
dard Laplacian on I cannot exceed the second lowest point in the joint spectrum 
(counted with multiplicities) X (LP(P1)) U X(LP(P2)) of the Dirichlet operators on 
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Tı and TV: 
à2(T) < min | max{àP (T1), AP (T2)}, min{a? (T1), Peni}. (18.13) 


The inequality is strict unless aP (Ti) = AD (T2). 


Proof Using Rayleigh Quotient The first non-trivial eigenvalue is given as the 
minimum of the Rayleigh quotient 


WT) . (Lu, u) 
= min —m—  —. 
uli llul? 


(18.14) 
The lowest points in E(LPT 1)) U E(LP (T2) are either the two Dirichlet ground 
states or the two lowest eigenvalues for one of the Dirichlet operators, say l'1. Let 
us denote the corresponding eigenfunctions by y! and y? extending them by zero 
to the whole I’. These functions are orthogonal: y! L y? either because they have 
disjoint supports, or are the eigenfunctions of the same self-adjoint operator. The 
corresponding eigenvalues will be denoted by A! and A? respectively. Consider the 
function y given as a non-trivial linear combination of the introduced functions 


vw =ay' + py. 


It is clear that the coefficients a and 6 can be found to satisfy the orthogonality 
condition y L 1. For any such values of the parameters we have 


(Ly y) _ Allal? +2716)? 


A(T = 
2) STEP lol? + [BP 
< min [maxa PTR. mina? Ta} , 


where we assumed that y!-? are normalised. 

The equality may occur only if A! = A”. Since we already know that the ground 
state is not degenerate ary) < Mr ;), the equality may occur only if ari) = 
aP (T2). g 


Proof Using M-Functions One may divide the proof into two parts, showing that 
à2 (T) is less than max{ AP CÉ and than min{àA? THÉ separately, but there 
is no need in it. Consider any regular point x to the right of the maximum and 
minimum mentioned above. In both cases there are at least two singular points of 
M (2) to the left of x: 


© AP(Dy) and AP (T3), for max {AP (T1), AP(L2)} ; 
° aP (T ;) and ay Oy) for some j, for min NRT), aT} ; 
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Since the number of positive eigenvalues is a nonnegative integer, Lemma 18.9 
implies that r(x) > 2. We have proven non-strict inequality in (18.13). 

If aP (Ti) Æ AP (T2), then the lowest singular points for M are distinct, let us 
denote them by A! < A”. Then for a regular point à? — € for sufficiently small € > 0, 
there is just one singular point to the left and the M-matrix has at least one positive 
eigenvalue, since M has a generalised pole at A*. Lemma 18.9 implies that there are 
at least two zeroes to the left, i.e. the inequality is strict. o 


We are interested in the behaviour of the spectral gap under the gluing procedure. 
As we know, the eigenvalues of a quantum graph are inversely proportional to the 
squared total length. Hence it is natural to expect that the spectral gap decreases 
under gluing since the total length of the glued graph is obviously larger than the 
lengths of each of the original graphs. It turns out that this is not always the case, 
therefore let us investigate under which conditions the spectral gap becomes larger 
under gluing. 

The answer to this question can be given in terms of the corresponding M- 
functions. Let us first note that the M-function for the glued graph is just equal 
to the sum of the M-functions associated with the original parts: 


Mrr à) = Mr A) + Mr À), (18.15) 


of course provided oF is just the set of glued together vertices. This formula holds 
only because we assume standard vertex conditions at the vertices of the glued 
graph. Therefore one should be careful when other than standard vertex conditions 
are introduced on dr. 

It follows that all singularities remain and their multiplicities are just the sums of 
the multiplicities of the detectable eigenfunctions of the parts. Therefore one may 
easily calculate the first sum in (18.12). The generalised zeroes on opposite are not 
preserved. The generalised zero A, is preserved if and only if the traces of the two 
eigenfunctions on I"; and T3 are parallel: 


vUADIar, I Y Adlar- 


Lemma 18.12 The eigenvalues of the standard Laplacian on T = T; Ua T> situated 
below the ground states of both of the Dirichlet Laplacians on T1 and T> are always 
visible from Mr. 


Proof Assume that AST ) < aP (Ti), aP (T2). The M-function is regular at the 
point aS), since it lies to the left of the spectra of the Dirichlet Laplacians. Hence 
the eigenvalue is invisible only if the trace of the corresponding eigenfunction on 
oF is identically zero. This implies in particular that as belongs to the spectra of 
the Dirichlet operators on I; or I2, which is impossible since as is situated below 
the ground states. o 


Theorem 18.13 LetT =T; Ug T2 be the metric graph obtained by gluing together 
two finite compact graphs Tı and T2. The spectral gap for the standard Laplacian 


444 18 M-Functions: Properties and First Applications 


onT is less than the ground state energies of the Dirichlet Laplacians on Tı and T2 
if and only if the M-function immediately to the left of à = min{àP (T), aP (T2)} has 
at least two positive eigenvalues, i.e. 


d(T) < minfa P (T1), AP (2)} 
& Mr (min{a?(P), a? (P2)} — €) has at least 2 positive eigenvalues 
for sufficiently small e. 


Proof Every eigenvalue of L*(T) below aP T 1) and aP To) is visible 
(Lemma 18.12). Consider any point min{àP (T ), aP (T2)} — € for sufficiently small 
€ > 0. Obviously there are no singular points to the left and Lemma 18.9 implies 
that there are two zeroes there. It follows that for all such e the M-function should 
have two positive eigenvalues. o 


The following theorem provides the answer to our main question: under which 
conditions does the spectral gap increase under the gluing procedure? 


Theorem 18.14 Consider the standard Laplace operators on two compact finite 
metric graphs 1, T2, and on the glued graph T = [Iı Ua T2. The spectral gap does 
not decrease under the gluing procedure: 


A(T) > min{à2 (T ;)}, (18.16) 
J 


if and only if one of the following conditions is satisfied 


(1) min; {A2(P;)} < minj {APC ;)} and 

lim # posinive eigenvalues of Mr (min(a2(P;)} = o] =l; (18.17) 
(2) minj{AP C ;)} < minj{à2(T;)} < max; {AP (T ;)} and 

lim # [posinive eigenvalues of Mr (min(a2(P;)} = o] = 0; (18.18) 
(3) AP T1) =å? T2) = min; {2l ;)} and 


ae {positive eigenvalues of Mr (min{A2 (T ;)} — ol = (18.19) 
j 


€ 


Proof To prove the theorem one needs to consider the following four cases covering 
all possibilities in terms of the spectra of the standard and Dirichlet Laplacians on 
Tj. The theorem is proved by contradiction in most of the cases. 
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(1) min; {A2(Tj)} < min {AP T}. 


(2 


(3 


wm 


wm 


Every 4; (I) which is less than min ;{AP(T;)} is visible due to Lemma 18.12. 
Therefore min ; {A2(I";)} is visible. 

Consider any regular point min;{A2([j)} — €, 0 < e <« 1, and 
apply Lemma 18.9. The root counting function for Mr(A) is equal to one 
r(min;{A2(Ij)} — €) = 1 if and only if the only zero to the left is the point 
à = 0 since there are no singular points there. In other words (18.16) holds 
if and only if Mr(min;{A2(Ij)} — €) has just one positive eigenvalue for 
sufficiently small € implying (18.17). 
min ;{AP(Pj)} < min;{A2(I'j)} < max;{AP(Tj)}. 

Without loss of generality assume: 


aP Ti) < min{à2(T;)} < aP T2). 


We apply Lemma 18.9 to the point min; {A2(I";)} — €. There is one singular 
point aP (Ti) to the left with the multiplicity one (see Theorem 4.16). There is 
no other singular point in that region, since otherwise aP (Ti) < à2 (T1) which 
contradicts the operator inequality LPT) > L(C)). 

Assume that à2 (T) is visible, then r (min; {2T j) — €) = 1 if and only 
if Mr (minj 2T) É — €) has no positive eigenvalues for sufficiently small 
€, i.e. it is strictly negative. We get condition (18.18). 

If A2(T) is invisible, then it cannot be less than minj). Assume 

that this is the case. Then the corresponding non-zero eigenfunction satisfies 
Dirichlet conditions on oI’. The restriction to [2 is identically equal to zero, 
since otherwise it is a Dirichlet eigenfunction on I2 with the energy less 
than AP (T3). Consider the restriction of the eigenfunction to 'j—it is not 
identically zero and satisfies both Dirichlet and standard conditions on 01°) 
and the corresponding non-zero eigenvalue belongs to the spectrum of L(T1). 
Condition (18.18) is again satisfied. 
max {AP (T ;)} = minj{A2(Tj)}. 
If aP (T 1) Æ aP T 2), then there exist at least two zeroes of the M-function 
to the left of max; {APT ;)} and therefore due to our assumption the spectral 
gap decreases, hence this case should be excluded. It remains to study the case 
where 


aPC) =P) = minfà2(T;)} 


Every eigenvalue of L(T) to the left of aP (T1) = aP (T2) is visible 
(Lemma 18.12). Hence there are no positive zeroes of M-function to the left 
of AP (T1) = àP (T2) if and only if Mr (min; {à2(T;)} — €) has precisely one 
positive eigenvalue for all sufficiently small € > 0. We get condition (18.19). 


(4) maxj{AP T} < minj {A2(P))}. 
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If aP (T 1) Æ aP To), then there exist at least two zeroes of the M-function 
to the left of max {AP (T j)} and the spectral gap decreases. Indeed in this 
case Theorem 12.11 implies that L(T) in addition to A = 0 has at least one 
further eigenvalue less or equal to max OPT Ky implying diminishing of 
the spectral gap. 

The same proof applies if aP (T i) = AP (T2) and the matrices C i 2 for T 1 
and T% in the representation (18.10) are not proportional. 

In the double degenerate case ee p= aP (T2) and the matrices C i 2 
are proportional Lemma 18.9 cannot be applied due to invisibility of à2 (T). 
However considering as in the proof of Theorem 12.11 a linear combination of 
the extended by zero ground states for the Dirichlet operators on I"; and F2 one 
obtains a trial function on I orthogonal to the constant function with Rayleight 
quotient less or equal to aP (T1) = AP (T2). This is less than min; {2 (T ;)} 
implying that the spectral gap always decreases. 

m 


The result just proven can be formulated in a more transparent way assuming by 
symmetry almost without loss of generality that 


aP T1) < AP (T). (18.20) 


Corollary 18.15 Assume (18.20), then it holds 
°- ifminj{A2Œ;)} < åP C1), then 


à2(T) > min{à2 (l ;)}& Mr (min{à2(T;)}) has exactly one positive eigenvalue; 
j j 


(18.21) 
e ifàAP Ti) < minj{A2(P';)} < AP (T2), then 
à2(T) > min{à2(T;)} + Mr (min{à2(T;)) < 0; (18.22) 
J J 
e ifaD(P2) < minj{A2(I,)}, then 
2T) < min{A2(T;)}- (18.23) 
J 


The above Corollary is just a reformulation of Theorem 18.14 (and Theo- 
rem 12.11) ignoring the border cases. Below we present further implications of this 
theorem. All these statements can be proven using Lemma 18.9. 


Theorem 18.16 Consider the graph T = T1 Ua T2 obtained by gluing together two 
compact finite graphs Tı and 12. Assume in addition (18.20), then the spectral gap 
of T lies between the ground states for the Dirichlet Laplacians on T, and T2 if and 
only if the M-function is negative immediately to the right of the lowest Dirichlet 


18.2 Gluing Procedure and the Spectral Gap 447 


ground state (say aP (T1)): 
AP T1) < A2(P) < APL?) 


lim # [positive eigenvalues of Mr aPC) — o| =1 
<1 €\0 
and aP Ti) is not a generalised zero 


< un [positive eigenvalues of Mr APT) +F o| =0. 
€ 


Proof In this case aP (T 1) is a simple singularity of Mr (à). We apply Lemma 18.9 
to the point aP (T1) + € for a sufficiently small € > 0. There exists just one 
singularity to the left with rank Cı = 1, hence the number of zeroes is also equal 
to one, i.e. à2 (T) > aP (T 1), if and only if the M-matrix is negative at this point. 
Remember that in accordance with Lemma 18.12 all eigenvalues below aP (T1) are 
visible. On the other hand Theorem 12.11 implies that à2 (T) < aP (T2). o 


The following theorem is also a straightforward corollary of our result: 
Theorem 18.17 Assume (18.20) and that àa (T) is visible, then 


ani [positive eigenvalues of Mr aT) = o|} =l; 
€ 


Aol) = AP) > 4 E San : 
my [positive eigenvalues of Mr (Aj (T1) + o|} =1. 
ce. 


Proof We base our proof on applying Lemma 18.9 to points aP (T 1) +e fora 
sufficiently small € > 0. The point Mr 1) is the first nontrivial eigenvalue for 
L(T) if and only if there is just one zero of Mr to the left of xP) — € and there 
are two zeroes to the left of aP (T 1) + €, for any sufficienty small positive e. Taking 
into account that there are no singular points to the left of aP (T1) — € and there 
is precisely one singular point to the left of aP (Ti) + € we use Lemma 18.9 to 
conclude that Mr aP T 1) + €) should have precisely one positive eigenvalue. O 


Consider now the degenerate case. 


Theorem 18.18 Assume XP (1) = àP (T2), then 
aal) < APC) = AP 02). 


Consider the matrix C describing the singularity of Mr (À) at à = aP (T12). The 
inequality is strict 


Ao) < AP C12) 
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if and only if one of the following two conditions is satisfied: 


(1) the matrix C has rank two; 
(2) the matrix C has rank one and 


il [positive eigenvalues of Mr aP = o|} > 2. (18.24) 
€ 


Note that the cases (J) and (2) can be joined together by just requiring that 
(18.24) holds. This condition is always satisfied in the case (/). 


Proof The first inequality is just a special case of Theorem 12.11 already proven 
using two different techniques. 

The matrix C is a sum of the matrices C i and C i describing the singularities in 
Mr, and Mr,, each having rank one. Hence the matrix C may have either rank two 
or one, it cannot have rank zero, since C i and C 7 are strictly positive. 

Assume first that rank C = 2. Consider any point aP (P12) -6,0<e<l. 
The matrix Mr (AP(T'1,2) — €) is dominated by the term iC and therefore has at 
least two positive eigenvalues. Then Lemma 18.9 implies, that there are at least two 
zeroes to the left of aP (1,2) —€, 

Assume now that rank C = | and again consider any point aP(T1,2)-€, O<Ee< 
1. There are at least two zeroes to the left if and only if the matrix Mr (AP (T1,2) —€) 
has at least two positive eigenvalues for sufficiently small e. The inverse statement 
follows from Lemma 18.12. o 


DT; bes 
We denote by yw,’ the Dirichlet ground states for the graphs Tj. Then the 
matrices C i and C i are projectors on the vectors of normal derivatives 


D, r D,r 
OW, ‘lary and ayy "lara. 


The rank of the matrix C = C i +C i is one if and only if the vectors of normal 
derivatives are proportional. In that case one may construct an eigenfunction for 
L(T) by taking a linear combination of the Dirichlet ground states on Ty and T2. 
The corresponding eigenvalue is aP (Ti) = aP (T2) and it is the third eigenvalue of 
L(T) if and only if the Mr (å) has two positive eigenvalues immediately to the left 
of this point. 

The obtained conditions may appear hard to check in concrete examples, however 
our goal was to explain the reason why the spectral gap may grow under gluing. The 
answer is given using the M-function which appears to be the most natural object 
for the studied problem. Note that checking conditions on the M-functions does not 
require calculation of their spectra, which might be a complicated computational 
problem—it is enough to determine the number of positive or negative eigenvalues 
which can be done using quadratic form techniques. 

It might be interesting to analyse what happens when more than two graphs are 
glued together. The developed methods can also be applied to investigate higher 
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Fig. 18.2 Gluing two a 


segments of lengths a and b 
together a 
b => 


eigenvalues. It might be also interesting to combine the obtained results with the 
estimates for negative eigenvalues obtained in [66]. 


18.2.1 Examples 


Gluing Two Segments This is an illustration to the case (1) in Theorem 18.14 and 
Theorem 18.13. We return back to Example 7.12. Consider two segments of lengths 
a = | (the graph r1) and b = 0,5 (the graph T2) joined together as shown in 
Fig. 18.2. 


The corresponding M-functions are plotted in Fig. 18.3 with the variable k = 
sign(A)./|A| on the horizontal axis. The lengths are adjusted so that: 


Ag(T'1) = APT) = x°, Ag(T'2) = AP) = Qr)’. 


This example is degenerate in the following sense: the matrices Mr, and Mr, 
share the same set of eigenvectors (1, 1) and (1, —1). As a result the matrix Mr has 
the same eigenvectors and its energy curves are obtained by summing the energy 
curves for Mr,, j = 1,2. It is clear that the first zero of the blue energy curve 
corresponding to the eigenvector (1, —1) shifts to the right independently of the 
actual lengths of the edges. 

We check that just to the left of the point m? = à2 (T1) the function Mr has one 
negative eigenvalue implying 


Ag(T) > A211). 
ae) ‘eines arene 


=(3/27)? =r? 


Note that in order to make our conclusion we needed to look at the energy 
curves—no information about the eigenvectors was needed. Our conclusion is not 
surprising since the cycle graph has higher connectivity than the segments. 


Gluing Two 3-Stars This is another illustration for the case (1) in Theorem 18.14. 
Consider two 3-star graphs with edge lengths 2,1.5,1 and 0.4, 0.2, 0.5 glued 
together (see Fig. 18.4). We assume that vertices at the same height are glued 
together. 


The corresponding 3 x 3 M-functions are plotted in Fig. 18.5 using variable k = 
sign(A),/|A| on the horizonthal axis. The lengths of the edges are chosen so that 
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Fig. 18.3 Eigenvalue curves 

for two segments of lengths 1 
and 0.5 and the loop of length 
1.5 


< Se <> 


3-star with edge 3-star with edge The glued graph 
lengths 2,1.5,1. lengths 0.4, 0.2, 0.5. (watermelon). 


Fig. 18.4 Gluing together two star graphs 


A(T) < APF); It is easy to see that Mr (à2(T1)) has precisely one positive 
-a -—— 

(~0.8)? (~1.05)2 

eigenvalue. It follows that the spectral gap increases under gluing. 
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Fig. 18.5 Eigenvalue curves for the star graphs with edge lengths 2, 1.5, 1 and 0.4, 0.2, 0.5 and 
for the glued graph, k = vA, à > 0. Infinite vertical lines are asymptotes of the branches 
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Note that gluing two segments there was no reason to choose the lengths in a 
special way. Having three-star graphs the edge lengths were chosen in a special way 
to guarantee à2 (T1) < aP (T1). 


Problem 80 The result in Example 7.12 depended on the ratio between the lengths 
a and b. What is the reason that gluing two segments the result is independent of 
this ratio? 


Problem 81 Use M-function approach to show that the spectral gap always 
decreases if a chord is added to the cycle graph. In other words, prove the result 
presented in Example 7.13 using the newly developed approach. 


18.3 Gluing Graphs and M-Functions 


We continue our studies by deriving an explicit formula for the M-function for the 
graph obtained by gluing together two metric graphs. We shall consider the case of 
most general vertex conditions even at the contact vertices. 


18.3.1 The M-Function for General Vertex Conditions at the 
Contact Set 


Let T be a finite compact metric graph with a preselected set of contact vertices oT’. 
Consider the extended graph ['*' obtained from I by attaching Mj = |dI"| edges 
En = [xon-1,@&), n= N + 1,..., N + Mg, one to each contact vertex. Assume 
that the potentials q and a originally defined on I are extended by zero to the rest 
of ret 


q(x) =0, a(x) =0, xer™\T. (18.25) 


We also assume that the vertex conditions at all internal vertices are fixed 
parametrising them via certain dm X dm unitary matrices $”, where dm is the degree 
of the internal vertex V”. For the contact vertices we select (dm + 1) x (dm + 1) 
unitary matrices S”, where dm + 1 is the degree on the contact vertex V” in the 
graph r®%t (and d,,—the degree of V” in T). 

Consider now solutions y(A, x) of the eigenfunction differential equation (17.2) 
on the edges of '**' satisfying the vertex conditions at all (internal and contact) 
vertices. We introduce the limiting values of the function y at the contact endpoints 
of T 


Y? = (Wrong), Wag), U2 4 My) —1)) 
(18.26) 


Q 
= 
1i 


—(W' (xon41), W (Xow 43), +++, W (XN+M;)-1)). 
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Extra minus sign in the definition of normal derivatives is related to the fact that 
we are interested in the derivatives pointing inside the original graph Ir. We may 
generalise Definition 17.1 as 


Definition 18.19 The graph’s M-function Mp (A) is the Ma x Mg matrix-valued 
function defined by the map: 


Mr): Y?  aw®, Ima 40, (18.27) 


where y? and ay? are the limiting values on oI for an arbitrary function w(A, x) 
solving the differential equation (17.2) on P™' and satisfying the vertex conditions 
at all vertices of re". 


The analysis carried out in Chap. 17 to justify the Definition 17.1 can be repeated 
without much modification. The M-function is again a matrix-valued Herglotz- 
Nevanlinna function. The only essential difference is that the new definition requires 
that the (dm + 1) x (dm + 1) unitary matrices at contact vertices are selected. There 
was no necessity to select such matrices in the original definition since we used 
only standard conditions at the contact vertices. That convention would determine 
uniquely the vertex conditions at the contact vertices both for F and for r®%t. Under 
this convention the new definition coincides with the original one. 

The M-function is determined by the metric graph I’, the contact set of vertices 
or, the electric and magnetic potentials q and a (on I’) and the vertex conditions on 
ret, 


18.3.2 Gluing Graphs with General Vertex Conditions 


Let T; and T2 be two finite compact metric graphs with preselected contact sets ôT j. 
We denote by N; and by M; the number of edges and vertices in I’; and by Ma;— 
the number of vertices in the contact sets. We assume further that the Schrödinger 
differential expressions on I’; and the vertex conditions on the extended graphs rx 
are selected. We denote by Mr, (A) the corresponding M-functions. 

To define gluing we assume that certain vertices from ðr; and 012 are glued 
together and these vertices are removed from the contact set for the new graph. To 
this end let us denote by ô(T;) C d(I’;) the subsets of contact vertices that have 
to be joined. We assume that these sets contain an equal number of vertices Ms. 
Identifying the vertices from these subsets we get the new graph I’ with the set of 
edges equal to the union of the edges in I’; and T2 


(EA [ee Ol 0 ee) yg. 


n=1 


(18.28) 
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To describe the vertices in the glued graph let us without loss of generality 
enumerate the vertices in I"; so that: 


v'dj)eé7;), n=1,2,..., M5, f= 1,2. 
Then the Mı + M2 — M; vertices in I are 
V”) = V") U V” (T2), n=1,2,..., Ms; 
V”) = V"), n=Ms+1,...,M; (18.29) 
yMi-Ms+n (T) = V” (T2), n= Mst+1,..., M2. 


We should remember that the vertices are considered as equivalence classes of 
endpoints, hence the vertices from the first series are obtained by joining the 
equivalence classes corresponding to the vertices in lı and T2. The contact set for 
T will be chosen equal to the union of the contact sets in l'1 and M2 taking away the 
glued vertices: 


a= Vtu... uya yo yMitty...uyeitMe mM | 
a a 
the vertices inherited from ðr the vertices inherited from dl 
(18.30) 


It is natural to keep vertex conditions at the preserved vertices, but we need to 
select the vertex conditions at the glued vertices 


80) := {V'(L), V7(P),..., VTJ. 


Consider any solution w(A, x) of the differential equation (17.2) on I’. The restric- 
tion of w to I’; possesses unique extension to me solving the same differential 
equation on T®*, We introduce the vectors ye (íT “ext, ay? (T) with the entries 
given by the limiting values of the solutions y at ihe contact vertices from ô(T j g 
Then we require in addition to the vertex conditions at V” (T1) and V” (T2), n = 
1,2, ..., Ms the following gluing conditions 


pê T™ = pir, 
aw êr% = —əý ereat, 


(18.31) 


The gluing condition (18.31) is a certain generalisation of the standard conditions 
at the degree two vertices. These conditions can be written using the standard 
form (3.21) involving just the limiting values at the glued vertex in T. 

To understand where do these conditions come from, consider the graph I 
obtained from I"; and I, not by gluing directly the first Ms vertices, but connecting 
these vertices pairwise by short edges. Then in the limit where the edge lengths of 
these tiny edges go to zero we obtain the above conditions. This procedure reminds 
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contraction of edges in graphs as described in Sect. 7.1. We leave justification that 
the obtained conditions are Hermitian as a problem for the readers. 


Problem 82 Let Sı and S2 be two unitary matrices of arbitrary dimensions dı + 1 
and dz + 1 respectively. Then the system of linear relations 


ii-i a) =( 40 co. hi, avn € C4; 


bı 
h _ dei an dz, 
i&-n(2)=6+D( b ) W2, 3y € C®; (18.32) 
aj = M, inet 
bi = —bo, bi,b2 €C 


excluding aj, bj can be written as 


f Wi awn 
= r = a 18. 
i(S n(%) s4n(3e), (18.33) 


where S is a certain (dj +d) x (dı + d2) unitary matrix. The matrix S is irreducible 
if the matrices Sı and Sp are. 


The following Lemma describes the relation between the M-functions associated 
with I’; and T. It is not surprising that the M-functions for the glued components 
determine the M-function for the resulting graph. 


Lemma 18.20 Let I be the finite compact metric graph obtained by gluing together 
certain graphs Iı and T> by identifying the sets 6(1;) C 0(V;), j = 1,2, where 
Ə (T ;) are the contact sets for T j. Assume that the contact set for T is inherited from 
the contact sets of the glued graphs as described in (18.30). Then the M-functions 
associated with the graphs l1, T2, and T are related via 


Mee M? = Mei (Mi! + M} M}? —M?!(M]! + MI)! M}? 

r( )= —M2!(M!! + MIH! M??? M22 _ M2?! (M1! + M}!)-! M2? 7 
2 1 2 1 2 2 1 2 2 
Ima 40, 
(18.34) 
where mi", l,m = 1,2, come from the block decomposition of Mr; 
M! O) M?) 

Mr. (à) = J J : 18.35 
r;( ) e M?) ( ) 


with the principal block Mi! having dimension Ms x Ms. 


456 18 M-Functions: Properties and First Applications 


Proof The matrix M Hi (A) + M3'(A) is invertible as a sum of two nontrivial 
Herglotz-Nevanlinna functions. Consider any solution to the differential equa- 
tion (17.2) satisfying vertex conditions on the extended graphs re Then its values 
on the contact sets for I"; are connected via the corresponding M-functions Mr, (À) 


Mr, y’ Tj) = av? (Cj). 


To use the block decomposition (18.35) let us denote following (18.31) by Y? the 
vector of common (for I; and T2) values of the solution at the glued vertices and 
by y? the complementary vectors of limiting values on the contact sets ôF j 


ae 75 
rr) = (3) j=1,2. 
J 


We get the (Ma + Ms) x (Ma + Ms) matrix system 


ui pa ME MEY (BY 0 
we Mi A vi = uy j (18.36) 
M5 0 M; W5 aw, 


where we have taken into account the gluing conditions (18.31). Excluding yp using 
the first equation we obtain 


> > =l 3 Sa 
ager) = MPY? — mM? (mi! +My!) (MPH? + ieee), 
(18.37) 
> > =1 3; = 
ay? (Pa) = MPY? — Mz! (mi + m3’) (MPH? + Maa), 


leading to formula (18.34). E| 


This at first glance elementary lemma has a very important implication: it can 
be used to solve the inverse problems for graphs, primarily for trees. It turns out 
that if the gluing set consists of just one vertex, then not only Mr (à) is uniquely 
determined by Mr, (A) and Mr, (A) but also Mr (å) and Mr; (A) determine Mr, (A). 


Theorem 18.21 Let I be the finite compact metric graph obtained by gluing the 
graphs Tı and V2 as explained in Lemma 18.20. Assume in addition that the graphs 
are connected and the gluing set 6 consists of just one vertex Ms = 1. Then any two 
out of the three M-functions associated with T1, 12, and T determine the third one. 


Proof Lemma 18.20 states that Mr is determined by Mr, and Mr, via for- 
mula (18.34). Therefore it remains to show that Mr and Mr, determine Mr, . 

Let us examine formula (18.34). The matrix function Mr, (A) is not block- 
diagonal since the graph I2 is assumed connected. In particular the entries MPA) 
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and mM?! (à) and their product are not identically zero. Then the lower diagonal block 
of Mr (À) determines the function M m (à) 


=j 
MPA- (MrQ))20 = (M +M) M3AMP A 


known non-zero matrix function 


We used here that M}! and MÌ! are scalar functions and therefore commute 


with M3. The scalar function (M in (A) + Ml! œ) appears as a proportionality 
coefficient between the left and right hand sides. 

The non-diagonal blocks determine M ie and M P Finally the principal block 
in Mr(à) is used to determine M? A) and thus reconstruction of Mr; (A) is 
accomplished. o 


The assumption that the gluing set consists of just one vertex is very important 
for our proof and cannot be removed. Therefore the M-function alone does not allow 
to solve the inverse problem for graphs with cycles, while the inverse problem for 
trees can be solved by chopping the edges one-by-one (see Sect. 20.6). 


Appendix 1: Scattering from Compact Graphs 


With every finite compact graph I having nontrivial contact set we associate the 
scattering matrix, despite the fact the spectrum of the corresponding magnetic 
Schrödinger operator is pure discrete. This scattering matrix is a straightforward 
generalisation of the single interval scattering matrix introduced in Sect. 5.2. It is just 
a fractional transformation of the corresponding M-function and therefore encodes 
all information which can be obtained in experiments not destroying the structure 
of the graph. 

We follow notations form Sect. 18.3.1. Consider the extended graph T° 
obtained from I, as above, by attaching Mə semi-infinite edges Ep = 
[x2n-1, ©), n = N+ 1,...N + Mə to all contact vertices. We assume that 
the vertex conditions on T®*t are selected. It is natural to see the original graph T 
as a subset of r®*. Both the magnetic and electric potentials are extended by zero 
outside rF. 

Consider any function (A, x) solving Eq. (17.2) on the whole r°% and pre- 
scribed conditions at all vertices. Outside the original graph I the function w is 
given by a combination of plane waves 


WA, xX) = don—pe il bboy peik], (18.38) 


Then the graph scattering matrix Sr (à) is the Ma x Ma matrix connecting the 


amplitudes of incoming Ai = ee A and outgoing B? = {bon— oe 1 
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Waves 
B® =Sr()A?. (18.39) 


The scattering matrix is determined by the graph’s M-function. 


Theorem 18.22 The M-function Mr(A) and the scattering matrix Sp(A) for the 
same compact finite quantum graph are related as follows for almost any à € Ry: 


ikl — Mr (à) 


(18.40) 


Proof Let (A, x) bea solution to Eq. (17.2) for the magnetic Schrödinger operator 
on T®* satisfying prescribed vertex conditions at all vertices. Consider the limiting 
values of the solution as given by (18.26), they are related via the graph’s M-function 


aw? =Mr(ayy?. 


The same limiting values can be calculated directly from the representa- 
tion (18.38) 


J? = Ad 4B, 
—dy? = —ikA? +ikB?. 


Extra sign on the left hand side of the last equality appears due to definition (18.26). 
We get the following equation connecting the amplitudes of incoming and 
outgoing waves 


Mr (A) (4° + 5?) = ikA® — ikB?, 


which implies (18.40) almost everywhere, more precisely for all A not being 
singularities of Mr(A). We know that the singularities of the M-function form a 
uniformly discrete set on the real line. o 


Theorem 18.23 The scattering matrix Sp(A) can be extended to a continuous 
unitary function for all à € Ry. 


Proof We prove the theorem for the case of standard vertex conditions on the 
contact set. The proof for general vertex condiitons follows essentially the same 
lines but requires proving the representation (18.10) for such vertex conditions. 

The formula (18.40) determines the scattering matrix for all real A different from 
the singularities of the M-function. In the case of standard conditions at the contact 
vertices the singularities of Mr are situated at the eigenvalues xp of the Dirichlet 
operator—the operator determined by Dirichlet conditions at the contact set. This 
follows directly from the representation (18.10). 
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We consider a small neighbourhood of any point À? from the Dirichlet spectrum 
and let us calculate explicitly the limit 


lim Sr(A). 
AAP 


The M-function possesses representation (18.10). Consider the kernel decompo- 
sition of the space C™”® associated with the Hermitian matrix C, determining 
behaviour of Mr near the singularity 


cM = (Ker ay @ Ker Cy. 


Observe that the matrix C, restricted to (Ker Ca)” is invertible. Using this 
decomposition the representation (18.10) takes the form 


a! Cn 0 Fy (A) FA) 
el o ( 0 5) + Gee )) i oe 


where Fj; (A) are analytic matrix-valued functions. For real à # pe the M-function 
is Hermitian, hence we have 


FLO) = Fua A), F(A) = F(A), FEA) = Fa). 


Formula (18.40) can be rewritten as 


Sr) = -I+ 2ik(ikI +Mr w) 


, 1 = 
-I + dik ik Ker Cn) + waa” + Fy (A) Fi2(A) 


F(A) ikỌIķer c, + F22(A) 
Both diagonal entries are invertible, since the diagonal entries of the M-function are 


Hermitian matrices themselves. Hence we may use Schur complements to calculate 
the inverse using the formula 


-1 1 1 1 1 _ 4-1 1 
(25) =( +A7'BS"'!CA A-'BS J (18.42) 


CD -S7!CAT! S~! 
where the Schur complement is 


S := D — CA™!B. 
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We use explicit representations to determine the limits of the involved matrices 


Aa) = (ikl ker Gye +t pen + Faw) —> 0. 


aD 
BQ) = F2) cates Fi), 
CA) = Fai (A) paar F(a), 


D(A) = F2 (à) —> ikl ker c, + F22(A), 
Aad 


SA) = DA) — CAA! (A) BQO) Rae ikIķer c, + Fo2(AP). 
Summing up we have proven that 


1 
iN Ker c,)4 + yD D;C +F) F2 (à) 


a ikIķer c, + F22(A) 


0 0 
=t 7 
iP \0 (ikker c, + FoxQP)) 
For the scattering matrix we get 
Hiker ¢,)4 0 


lim Sr) = o Krag- AP) |. (18.43) 
A>X n : 
= ikl Ker Cy + Fx (AP) 


me 
This formula determines a unitary matrix in CMa = (Ker C n) @ Ker Cn. o 


The graph’s scattering matrix can be used to determine detectable eigenvalues of 
both Dirichlet and standard operators on the graph: 


(1) if Ao is a solution to the equation 


det(Sr(A) — I) = 0, (18.44) 
then Ao belongs to the spectrum of the standard Laplacian L* = a 
(2) if ào is a solution to the equation 
det(Sr(A) + D) = 0, (18.45) 


then Ag belongs to the spectrum of the Dirichlet Laplacian LD) = S 
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Problem 83 Prove formulas (18.44) and (18.45) above. 


Problem 84 Calculate the scattering matrix for the Laplace operator on the lasso 
graph G(2.2) given in Fig. 6.11. Compare the result to the M-function calculated in 
Example 17.4. 
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Chapter 19 A 
Boundary Control: BC-Method ga 


19.1 Inverse Problems: First Look 


With this chapter we start the discussion on how to solve in full generality the 
inverse problems for Schrödinger operators on metric graphs. When considering 
Ambartsumian type theorems in Chaps. 14 and 15, we have already pointed out (see 
the introductory comments to Chap. 14) that the solution of the inverse problem 
means recovering all three members of the triple 


e the metric graph I, 
e the potential q, 
e the vertex conditions. 


We do not discuss how to reconstruct the magnetic potential since it can be 
eliminated, leading to different vertex conditions (see Chap. 16). On the contrary, 
we are going to consider spectral data dependent on the magnetic fluxes through 
the cycles in the graph, thus allowing a non-destructive investigation of quantum 
graphs in real world experiments. The fact that spectral and transport properties of 
nano-systems depend on the magnetic fluxes ®; is well-known for physicists as 
the Aharonov-Bohm effect [9, 110, 113, 459, 470, 485, 508]. More precisely, we 
shall use spectral data for the magnetic fluxes equal to 0 and x. These spectral data 
correspond to the standard Schrödinger operators on IF with zero magnetic potential 
and possibly extra signing conditions (3.43) introduced on every cycle. 

The proven Ambartsumian type theorems allow us to solve the inverse spectral 
problem in certain very specific cases. In general, a single spectrum is not enough 
to solve the inverse problem. For example, a potential on an interval is determined 
by the two spectra corresponding to different boundary conditions at one of the 
endpoints [375]. In the case of metric graphs one may extend the set of spectral 
data by adding the spectra of the problems obtained by amending vertex conditions 
at different vertices. We do not pursue this direction, since the knowledge of all 
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vertices trivializes reconstruction of the metric graph and the problem is highly 
overdetermined for large graphs. 

Our set of spectral data will contain the M-functions associated with a relatively 
small set of vertices, to be called the contact set. One should imagine that contact 
vertices are used to approach the graph. For example, in the case of trees the 
contact set can be chosen to coincide with all degree one vertices. On one hand, 
drawing an arbitrary tree on a sheet of paper the degree one vertices naturally 
form the graph’s boundary. On the other hand, the M-function’s diagonal entry 
associated with any degree one vertex determines the potential on the corresponding 
edge. This reconstruction can be carried out using the Boundary Control method 
described in this chapter. As a result we end up with the M-function associated with 
a smaller tree. Repeating the procedure we solve the inverse problem step-by-step. 
This procedure is described in Chap. 20. 

In general the contact set should be allowed to contain higher degree vertices, 
since there are graphs without degree one vertices. The following assumption will 
be assumed in the rest of the book. 


Assumption 19.1 The contact set dV is a non-empty subset of the vertex set that 
contains all degree one vertices. 


To guarantee the unique solvability of the inverse problem the contact vertices 
should be well-distributed inside the graph I taking into account its topology. 
Without any knowledge of the graph’s structure it is hard to formulate explicit 
conditions on how the contact vertices should be placed. The number of required 
contact vertices may reduced if one considers the M-functions depending on the 
magnetic fluxes through the cycles. This will allow us to reconstruct the M- 
function for a spanning tree associated with the original metric graph r. We call 
the corresponding method Magnetic Boundary Control as it uses ideas from 
the classical Boundary Control method, but the spectral data are magnetic flux 
dependent. 

Using the MBC-method different approaches having local and global characters 
are combined. The local approach we are going to use is the Boundary Control 
method (BC-method) due to Belishev [67, 70-72], who formulated and developed 
this approach bringing ideas from control theory to the area of inverse problems. 
Local approaches to inverse problems have been used earlier independently by 
Gopinath and Sondhi [241, 242] and by Blagoweshchenskii [91], but it was Belishev, 
who turned BC-method into a standard tool to solve inverse problems, with the help 
of numerous collaborators and colleagues, in particular: S. Avdonin, D. Korikov, 
Ya. Kurylev, L. Oksanen, L. Pestov, and A. Vakulenko. BC-method takes particular 
simple form in one dimension, where it is closely related to the solution of the 
inverse problem using the asymptotics of the M-function, suggested recently by 
Simon et al. [238, 441, 472], the relations are well-described in [460]. As the name 
suggests, the BC-method uses ideas from control theory to solve inverse problems 
using boundary observations. The Laplace transform connects the response operator 
appearing in the BC-method to the graph’s M-function (see (19.12)). The procedure 
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of opening the cycles has global character and is based entirely on the connection 
between the M-functions for the graph and its spanning tree. 

In this chapter we give a comprehensive introduction to the Boundary Control 
method and discuss how it can be used to solve the inverse problem for the star 
graph. This approach emerged from our papers [37, 44]. 

Before we proceed let me mention that the inverse problems for operators on 
metric graphs have been discussed using alternative sets of spectral data. It is not 
always straightforward to establish connections between these approaches. The 
method of spectral mapping was used by V.A.Yurko and collaborators, let me 
mention the most important publications: [223, 224, 509-524]. M. Belishev with 
collaborators employed the BC-method, in particular its variant used to reconstruct 
Riemann surfaces, to solve inverse problems for graphs [68, 69, 73-75, 280]. See 
also [98-101, 109, 122, 151, 331, 426, 427, 429, 430, 447, 447, 458, 507]. 


19.2 How to Use BC-Method for Graphs 


With the Schrédinger operator Lg = — 2 + q on [0, oo) one associates the wave 
equation 

32 

ga“ T Lau =0, xeT,t>0, 


u(x, 0) = Žu&,0 =0, (19.1) 


u(0,t) = f(t). 


The function f is called the boundary control. Solving the wave equation one 
obtains a certain differentiable function u/ (x, t). The linear operator 


R: f e 2d, t) (19.2) 
=~ Ox 
= u(0, t) 


is called the response operator, and contains all information that an observer 
placed at the origin can possibly obtain sending waves to [0, oo) and collecting 
their response. In the theory of one-dimensional inverse problems it is proven that 
the response operator determines the potential g (see Sect. 19.4). The reconstruction 
procedure is local in the sense that in order to reconstruct the potential on the interval 
[0, £] one needs to know the response operator only for all t < T = 2£. Since the 
propagation speed is equal to 1, the time T = 2¢ is precisely the time needed for 
the wave to travel from the boundary point x = 0 to x = £ and back. It is clear that 
this result is optimal since the response operators for any T’ < T are independent of 
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the form of the potential on the interval x > T’'/2. A precise solution of the inverse 
problem following BC-method is described in Sect. 19.4. 

The described properties of the BC-method show that it may be applied to 
Schrödinger operators on graphs in order to recover the potential on the edges 
having degree one vertex as one of the endpoints. No serious modification is 
required, since the wave evolution on a metric graph has finite speed of propagation. 
Let us assume that the boundary control is applied at some degree one vertex. 
Then for small values of time ¢ the waves initiated by the boundary control may 
reach only a small neighbourhood of the vertex. More precisely the wave function 
may be different from zero only for points x at distances less than or equal to t 
from the vertex. If T is less than double the length of the pendant edge, then the 
response operator R coincides with the response operator for the half-axis with the 
same potential on the interval [0, 7/2). This principle can be extended to compare 
response operators for two arbitrary quantum graphs with equal potentials on one of 
the pendant edges: the corresponding entries of the response operators are identical 
for sufficiently small values of t. 


19.3 The Response Operator and the M-Function 


Assume that a magnetic Schrodinger operator LS a(l) is given. On the metric graph 
T we select any non-empty contact set of vertices dT" satisfying Assumption 19.1. 
As before we assume standard vertex conditions on dT to facilitate our presentation. 
The vertex conditions at the internal vertices are arbitrary (and are given in (17.5)). 

For a given continuous function u, let U? be the vector whose entries are the 
values of u at the contact vertices dl’. Similarly, the vector of extended normal 
derivatives 07° will have the coordinates: 


au(v") = $` ðu), V” ear. 


a m 
xjeV 


These vectors have dimension Ma = #01’, the number of vertices in the contact set. 
Consider the wave equation on I’, 


2 


2 
ule, t)+ (‘2 +a) u(x, t)+q(x)u(x,t) =0, xerT,t>0, (19.3) 
x 


with zero initial data 


u(x, 0) = 0, 


a 19.4 
—u(x,0) = 0, ( ) 
ot 
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subject to the matching conditions (17.5) at all internal vertices, and to the continuity 
condition and boundary control 


iu? (t) = f(t), (19.5) 


at the contact vertices. 

The boundary control f is a vector valued function with values in C™®. If the 
boundary control is not a smooth function, then one has to consider weak solutions 
to the wave equation. On the other hand if f is at least two times continuously 
differentiable and both potentials are sufficiently continuous, 


fe CRC), fO=/'O=0, 
(19.6) 
aece’\ V),¢ eC \V), 


then the function w(x, t) satisfies Eq. (19.3) in the conventional sense. 

The solution to this wave equation will be denoted by u/. We are going to study 
the properties of this solution in Sect. 19.4. In particular, since the wave equation 
has a finite speed of propagation the solution w(x, t) will be equal to zero outside 
the t-neighbourhood of the contact set. 

The dynamical response operator R is then given by the equality 


(R f J)o =ni? (19.7) 
“OH 

= i? 
The dynamical response operator is a natural generalisation of the Dirichlet-to- 
Neumann map and therefore is sometimes referred to as the dynamical Dirichlet- 
to-Neumann map, since it connects the Dirichlet and Neumann boundary data 
for any solution to the wave equation on I. This operator originally defined on 
functions satisfying conditions (19.6) can be extended to the set of L'°-functions 
by continuity. The dynamical response collects all information that an observer 
may obtain about the quantum graph via boundary measurements. As we shall 
immediately see it is closely related to the graph’s M-function and the scattering 
matrix. 

Assume that the boundary control has compact support as a function of time 


f € C (0, 00); CM). (19.8) 


Then for sufficiently large t (to the right of the support of f ) the evolution is 
described by the wave equation on I" with the Dirichlet conditions on the contact 
set, hence the energy is preserved. It follows in particular that the L2 (T) norm of u 
is uniformly bounded, and the Laplace transform can be used to solve the original 
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wave equation (19.1), yielding 
[0] 
û(x, s) = / e “‘u(x,t)dt, Res >0. (19.9) 
0 
The function i is a solution of the following differential equation 


9 2 
sii(x, s) + (è +a) u(x,t) +q(x)u(x,t)=0, xer, Res > 0, 
x 
(19.10) 


satisfying the matching conditions (17.5) at all internal vertices, continuous on dT 
and satisfying the condition 


â? (s) = FS) (19.11) 


on the contact set, where f (s) is the Laplace transform of f f 
The extended normal derivatives of the function w(x, s) on the contact set may 
be calculated using the graph M-function (17.7). The result is 


au? = Mp(-s2)u?. 


We have proven the following remarkable formula 


E 


(RF)6) = Mr(—s) fs), (19.12) 


which implies that the M-function and the dynamical response operator are in one- 
to-one correspondence (this was noticed first in [37]). The connection between 
the scattering matrices and M-functions was established in the previous chapter 
(see (18.40)). 

In what follows we are going to switch between the three equivalent sets of 
spectral data: 


e the Titchmarsh-Weyl M-function Mr (A); 
e the scattering matrix Sp (A); 
e the dynamical response operator R = R(T). 


Problem 85 Calculate the response operator for the Laplacian on the interval [0, 1] 
if the contact set is given by 


e both endpoints; 
e the left endpoint assuming Dirichlet condition at the other endpoint; 
e the left endpoint assuming Neumann condition at the right endpoint. 
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Problem 86 Check that formula (19.12) connecting the M-function and the 
response operator is valid for the interval I = [0, 1]with the contact set ðI = {0} 
and Neumann condition at x = 1. 


19.4 Inverse Problem for the One-Dimensional Schrödinger 
Equation 


In this section we describe how to use the BC-method to reconstruct the potential 
in the one-dimensional Schrédinger equation. As we already explained earlier this 
reconstruction is local in the sense that the knowledge of the response operator for 
relatively small values of the time parameter t allows one to reconstruct the potential 
q on a part of the interval [0, oo) close to the point x = 0, where control is applied. 
Here we are going to follow [36, 37, 40-42], see also recent review papers [43, 
460], where relations between the BC method and other local inverse methods are 
clarified. 

The method works under rather weak assumptions on the potential, such as q € 
Lj loc[0, 00) as described in [460], but we restrict our presentation to continuous 
potentials in order to make the presentations transparent. In this case all equations 
are satisfied in the classical sense and there is no need to work with weak solutions. 
We essentially follow [460] in our presentation of the BC-method. 

Consider the wave equation on the interval [0, 00) with boundary control at the 
point x = 0: 


a? 3? 
a t)ht+q(x)u(x,t) = gtk t), 


u(x,t)=0, t <x (causality condition), 
(x,t) ( y ) (19.13) 


u(x, 0) = Pee 0) = 0, 
ot 
u(x, 0) = f(t). 


We will firstly be interested in the solution of this problem for sufficiently small 
t<T. 
The solution possesses the following representation: 


t 
tee fe-»+ f w(x, s) f(t —s)ds, x < t, (19.14) 


0, rsx, 
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Fig. 19.1 Goursat problem 


x 
where w(x, t) is the unique solution to the Goursat problem (Fig. 19.1) 
a? a? 
ee u ao) eae 


1 x 
won =—5 | q(y)dy. 


Formula (19.14) is nothing else than the Duhamel principle telling that the 
solution at any point (x, t) can be written as a linear combination of the boundary 
controls at t € [0,t — x]: 


t-Xx 


uf (x,t) = fa-o+ | w(x,t—t)f(t)dt, x <t. (19.16) 
0 


The boundary control at t > t — x cannot influence the value of the wave function 
at (x,t) due to the finite propagation speed. The following definition introduces 
the control operator connecting the boundary control f to the solution of the wave 
equation. 


Definition 19.2 (Control Operator) The operator W7 on L2(0, T) defined by 


T 
(ws) (x) = f(T —x)+ f w(x, t) f(T — v)dr, (19.17) 
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where w(x, s) solves the Goursat problem (19.15) is called the control operator. 


The control operator is invertible and bounded on L2(0, T), since it can be 
inverted by solving a Volterra equation of the second kind. The inverse operator 
solves the Boundary Control problem: 

Given a fixed time T > 0 and a function g € L2(0, T), find a boundary control 
f € L2(0, T) such that 


(ws) (x) = g(x) forall x € (0,7). (19.18) 


The representation (19.14) allows one to calculate the response operator R7 
(already introduced in the previous section by (19.2)) 


0 
(R’ f)(t) = 5p 0.0), 
Xx 


where u is the unique solution to the BC problem (19.13) 


t 
(Rs) (t) =—f'() +f r(t—t)f()dt, (19.19) 
0 
where 
ð 
r(t) = —w(0, t). (19.20) 
Ox 


Here we used the fact that the kernel w is differentiable as a solution to the Goursat 
problem with a continuous potential. 


Definition 19.3 (Connecting Operator) The operator on L2(0, T) defined by 
c'=w"*w* (19.21) 


is called the connecting operator. 


The connecting operator can also be defined using its quadratic form 


(CT F, gror] = (WWT f, 8) L,10,7) = (W7 f, WT 8) 110.7] 


= (uf (, T), u8(-, T))L0,T]- 


(19.22) 


Observe that C7 is boundedly invertible and positive, since W7 is boundedly 
invertible, 


C7 > 0 in L20, T). 
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In what follows we are going to prove two important properties concerning the 
control operator forming the core of the BC-method. 


Lemma 19.4 The connecting operator C7 admits the following representation: 


T 
(CTA) =f0+4 f [POT =t — s) — p(t — s] fds, (19.23) 
where 
1 $ 
p(t) = zS r(s)ds. (19.24) 
2 Jo 


Proof To prove this representation it will be convenient to introduce the following 
rather simple linear operators: 


e the operator of odd continuation S7: 


(stro fA), 0<t<T, 
t) = 
—f (2T —-t),T <t<2T; 


e the operator extracting the odd part Q27: 


1 
(Qr P) D = 5 IFO -= FET -= D); 
* the operator of restriction NT: 


NT f = flory; 


e the integration operator Jor: 
t 
(aro =f fods, 0st <27. 
0 


It is easy to check that 
* 
(s*) =2NT Qr. (19.25) 


To prove representation (19.23), consider arbitrary functions f, g € C§°[0, T]. Let 
f- = ST f and set 


T 
ulua i iG EG DAE. (19.26) 
0 
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Our goal is to calculate this function for s = t = T since formula (19.22) implies 
wel, T) = (C f, 8) nani. (19.27) 


To calculate w/8(T, T) we first show that the function w8 satisfies the inho- 
mogeneous wave equation and then use d’Alembert’s formula to get its solution. 
Integration by parts gives the following equalities: 


2 2 T a 
E — =| wh 8(s,t) = f [ut (x, s)u?, (x, t) — ufus (x, | dx 
0 


ət? ðs? 
T LN 
= f [ao (eD -aoa ) 
0 f 
— (uf (x, s)— q(x)ul- (x, s)) us (x, | dx 
T —= 
= Í [ut (x, sus, (x, t)— ul u8(x, 1)| fx 
0 
z [ue (x, sue (x,t) — ula x, | Zo 


= = f-(s)RT8)@) + (Ror f-)(s)a (0), 


(19.28) 
where we used that 
uf = uf, —qx)uf uf, = u$, — q(x)u8, 
and that 


u^- (T,s)=u8(T,t)=0, 


since f, g € C l0, T]. 
Summing up, the function w/"8 is a solution to the inhomogenous wave equation 


wih — wis? = —f_(s)\(RT 9) 0) + Ror f-)(s)g(0) (19.29) 
in the region O < s < 2T, 0 < t < T with zero initial conditions 
wh8(s,0) = wf® (s, 0) = 0. (19.30) 


The solution is given by d’Alembert’s formula [182], which we use for t = s = T 


1 fT 2T=n 
wh8(T,T) =—5 [ dn i dg [ERTS — Ror fF] 
” (19.31) 
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Taking into account that f < f-(€)dé = 0 ( f— is an odd function with respect to 
é = T) we have 


1 7 2T-n 
wh(,T) = 5 f an( i dE Roar f-)6) JEO. (19.32) 
0 n 
On the other hand we have 


2T—n 
f (Ror f_)(§)d& = (JorRorz f-) 2T — n) — (JzrR2ər f-) (n) 
n 
= —2(Qor JorRor f-) (n), 


and expression (19.32) takes the form (using (19.25)) 


T 
w/8(T,T) = — f (NT Oor rRarS" f) (Bnd 


(19.33) 
1 T yx T 
= —3(G )"JarRorS” f, 8)L2[0,71- 
Remembering (19.22) and (19.27) we obtain 
1 
c7 = = 5S)" hrRrs", (19.34) 


since Cj°[0, T] is dense in L2[0, T]. 
Using representation (19.19) we obtains formula (19.23) for the connecting 
operator. oO 


Problem 87 Using change of variables check that (19.34) implies representation 
(19.23) for the connecting operator. 


Let y be the solution of the Sturm-Liouville problem 


—y"(x) + a(x) y(x) = 0, 


y(0) =0, y0) =1. 


(19.35) 


Consider the boundary control problem (19.18): find the control function f7 such 
that 


yx), x <T, 
(w7 s") (x) = (19.36) 
0, x>T. 


One may prove that on such boundary control the connecting operator has very 
simple form. 
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Lemma 19.5 Let fT be the boundary control leading to the solution of the Sturm- 
Liouville problem y for x < T, defined by formula (19.36). Then the connecting 
operator C" maps fT toT —x 


(ce) (x)=T—x, x €[0,T]. (19.37) 


Proof Consider arbitrary function g € C8 (0, T)—smooth function with compact 
support inside (0, T). In our calculations we are going to use that the wave equation 
has finite speed of propagation and therefore 


a 
w8(x,t)=0, and ap t) = 0 provided x > ft. 


In particular we have: 


e w8(x,0)=0, x > 0; 
° 2 w8(x, 0) =0, x >0; 
e w8(T,t)=0, T >t; 
° 2w8(T, t)=0, T >t. 


Then we may perform the following calculations, mostly using integration by parts 
(CT FT, 81.0.7) 


= (W7 fT, WT 2)1,0,.7) 


T 
=f y(x)w8 (x, T)dx 
0 


T T T 
= f (/ y(x) w7 (x, dx) dt +f y(x) w£ (x, 0) dx 
0 0 0 — 


7 7 — T 
=-(T- Df y(x)w8 (x, thdx|L +f (T-t) (/ y(x) we (x, nax) dt 
0 0 0 


T T T 
= r f y(x) w? (x, 0) dx +f (T =t) (/ y(x) we (x, pdx) dt 
0 —_—_— 0 0 
=0 
T 
0 


T 
= Í (T —t) (J y(x) (wex(x, t) — q(x) w8 (x, t)) dx) dt 
0 


T 
-f (T — t) (y@x)wi (x, t) — y w8 (x, t)) [Lot 


476 19 Boundary Control: BC-Method 


T T 
= f (T —t)y(T) w$ (T, t) dt — f (T — t) y(0) wẸ (0, t)dt 
0 —_—— 0 =“ 


T g T 
-f (T — t)y' (T) w! (T, nar+ f (T — t) y'(0) w£ (0, t) dt (19.38) 
0 —— 0 YE — 
=0 =1 =g(t) 
T 
=f (T — t)g(t)dt. 
0 


Here we used that wë satisfies the wave equation (19.13) and y—the Sturm- 
Liouville equation (19.35). Since the function g is arbitrary, we get the operator 
equality (19.37). o 


Problem 88 Consider formula (19.38) and check all steps. 


We are finally ready to describe the solution of the inverse problem using the 
BC-method. 
Algorithm to solve the inverse problem using BC-method 


(1) Reconstruct the kernel r(t), 0 < t < 2T of the response operator R27 
assuming that it is given by (19.19) 


É 
(Ror f) (t) = —f'() + f ra- 1) fdr. 


(2 


wm 


Calculate the connecting operator using formula (19.23) 


T 
(cir) = s+ POT -1-9 - pir- sD fods, 
where 
1 t 
p(t) = >| r(s)ds, t €[0,2T], 
2 Jo 


is determined by the kernel of the response operator. 


(3) Invert the response operator, i.e. solve Eq. (19.37) 


wm 


(e"s) @œ&)=T-—x, x€[0,T] 


to find the boundary control function f T(x) leading to the solution y(x) on the 
interval x € [0, T] as a result of the boundary control. Note that the boundary 
control function f7(-) depends on T, i.e. to get the linear function T — x as 
the result of connecting operator, different boundary controls dependent on T 
should be applied. 
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(4) Calculate the solution y using its relation with the control function ff 
via (19.17) 


T 
(wy) oa prot fo wa DST- odr, 
leading to 
y(T) = (Ww? f? )\(F -0) = f?T-T +0) = F740). 


The value of y(T) is roughly equal to the initial value of the boundary control 
function f7 that has to be applied to get y on the interval [0, T]. 
(5) Calculate the potential q using that y is a solution to the Schrödinger equation 


a” x 
yw) grt F® 
q(T) = ay = Pee (19.39) 


Note that in formula (19.39) one needs to take the limit first and then 
differentiate the control function f7 (+0) with respect to T. 


We summarise our studies as 


Theorem 19.6 The response operator R? for the Schrödinger differential expres- 
sion -£, + q(x) on [0, 00) with locally integrable potential q determines the 
unique potential on the interval [0, T /2]. 


The advantage of the described method is that solution to the inverse problem 
is essentially reduced to reconstruction of the kernel of an integral operator 
and inversion of another integral operator. The rest is just the integration and 
differentiation. The nature of this method is local: to recover potential close to x = 0 
one needs to know the response operator R? for small values of T. 

An alternative approach to inverse spectral problems in one dimension based on 
A-amplitude was developed by B. Simon and collaborators [238, 441, 443, 472]. 
This approach is based on the analysis of the M-function. The two approaches have 
already been compared in [43, 460]. 


19.5 BC-Method for the Standard Laplacian 
on the Star Graph 


In this section we study the boundary response operator for the Laplacian on any 
equilateral star graph with standard vertex conditions at the middle vertex. The 
case of Laplacian (zero potential) is important, since as we shall see later on, the 
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singularities in the kernel of the response operator for the Schrödinger evolution are 
determined precisely by the response operator for the Laplacian. Let us denote by 
£ the (common) length of the edges and by N the number of edges. Every edge is 
glued by one endpoint to the central vertex and the opposite endpoints belong to 
the contact set. It will be convenient to identify functions u from L2(T) with the 
vector-valued functions ŭ € L2([0, £], C™), so that the central vertex corresponds 
tox = 0. 

To calculate the dynamical response operator we need to find the unique solution 
to the wave equation 


3? a? 
—ii(x, t) — za“ t)=0, xe (0,8, te (0,7), (19.40) 
KX 


satisfying standard vertex conditions at the origin, subject to the boundary control 
ie, o) = f(r), (19.41) 
and with zero initial data (19.4) 


u(x, 0) = 0, 


19.42 
Žigo =0. i ) 


It is clear that solutions to the differential equation can be written as a combina- 
tion of d’ Alembert waves 


a(x, t) = af (x,t) = b + x) +ä(t — x), (19.43) 
where b and @ denote, respectively, the waves going toward the central vertex 
and coming from it. The boundary control initiates waves on the edges E,, n = 


1,2,..., N, which reach the central vertex at the time £ = £. Therefore for 
sufficiently small ż (t < £) the solution is given by just one traveling wave 


i,t) = f(ttt+x—O, t<. (19.44) 


The argument is chosen in a special way in order to satisfy the boundary con- 
trol (19.41): 


u(€,th=ft+l-O=ft), t< 


For such relatively small values of t the value of i on each interval E,, is determined 
by the corresponding component (f), of the boundary control function. 
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For ¢ slightly larger than £ (more precisely for £ < t < 2€) the solution on Ey in 
addition to the wave initiated by (f), contains a wave going away from the central 
vertex 


u(x,t) = ftt+x—-O+4t—2). (19.45) 


The incoming wave remains the same since no wave coming from the central vertex 
may turn back inside the edge but the time t < 2£ is not enough to reach the central 
vertex and return back to any of the boundary vertices. It turns out that the outgoing 
wave a can be taken equal to S$" f (t — x — £) leading to the solution 


ix, t = ft +x-O+SŤfat-x- t), £er<2e 


Here S$t is the vertex scattering matrix corresponding to the standard condi- 
tions (3.41). The intuition behind this formula should be rather clear: the waves 
coming to the central vertex penetrate to the other edges with the amplitudes equal 
to the entries of the vertex scattering matrix S$t. Let us check directly from the 
definition that this formula gives the correct solution. First of all the combination 
of d’Alambert waves always give a solution to the wave equation. The boundary 
control (19.41) is satisfied since the second term in the solution is identically equal 
to zero 


fit—x—Olrae = ft -20)=0, t< 28. 
-A 
<0 


It remains to check that standard conditions are satisfied at the central vertex. The 
matrix S*' possesses the representation 


A = —14+ 2Pa1,..,1)> (19.46) 


where Pa,1,...,1) is the orthogonal projector on the vector (1, 1,...,1) € CN. We 


get 


i(0,t) = ft -D + SË fa- O = 2Pan.,...nft-2, 


implying that all coordinates in the vector w(0, t) are equal. To check the Kirchhoff 
condition on the normal derivatives we calculate 


d,u(0, t) = (Fa +x- + Se f(t =y = D)l=0 
= 2(1- Pag...) f(t =£) 


= Pai. fE- 9, 
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where Pa i. = 1 — Pa,1,...,1) is the projector on the subspace orthogonal to 


(1,1,...,1)in C^. It follows that the sum of derivatives is zero. 

On the next interval 20 < t < 3£ the waves initiated by the boundary control for 
0 <t < £ have enough time not only to reach the central vertex, but also to return 
back and reflect from the contact vertices. The solution is given by 


ix, t) = ft +x 8) ++ SËf ax L) Sfx 3); Wat = 30. 
(19.47) 


To check that this formula is correct there is no need to consider the central vertex 
since the third term is identically equal to zero there 


f(tt+0-30=0, ¢ <382. 
On the other hand, the second and third terms cancel each other on the boundary: 
SÄ Fa — L-O- S47 042-30 =O. 


In fact formula (19.47) can be applied for any 0 < t < 32 since the third term is 
identically equal to zero ont < 2£ and the second term ont < £. 

Continuing this procedure it is straightforward to obtain solution to the boundary 
control problem for arbitrary t > 0 


n—-1 


Dev" ("Fe +x- Om + DO 


m=0 


(SS "tl ft — x — (2m + D8) 


(x,t) = 4 HODSSY Fa +x 2n 18), nl <t < (2n + le; 


Ley (oy Fe +x — (2m + 1)8) 

m=0 

+(SSy"+1 Fr — x — (2m + D9) Qn+ le <t < (2n +2). 
(19.48) 


ets eee st 2 
Note that the formula may be simplified taking into account that (s$) = I 
eliminating all even powers of the vertex scattering matrix and substituting odd 
powers with just S$t. 
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Let us calculate now the dynamical response operator for T €e (0, 3¢) using 
formula (19.47) 


(RTF) © = ait) = Eee 
Ox 
za F(t) ag F(t — 20) 
ge Ne gg 


= — f' Gos f' (t — 20. 


(19.49) 


The response operator can be seen as a convolution operator with the generalised 
kernel 


— 5 (t) + 2885" (t — 24). (19.50) 


We see that the kernel of the response operator is singular and the singularities occur 
at the time delays corresponding to the time needed for the wave to travel from the 
contact set to the central vertex and back. It is important to note that the second 
and third terms in the solution determine the same singularity in the kernel, hence 
coefficient 2 in the formula. It follows that the response operator determines the 
distance to the nearest vertex in the case of standard conditions. 


19.6 BC-Method for the Laplacian on the Star Graph with 
General Vertex Conditions 


Our goal now is to obtain an explicit formula for the solution of the boundary 
control on the star graph assuming most general vertex conditions at the central 
vertex. We again use vertex notations u € L2((0, 4], CN) implying that the vertex 
conditions (3.21) can be written as 


i(S — Nu(O) = (S + Du’ (0). (19.51) 


To calculate the dynamical response operator we need to find the unique solution 
to the wave equation (19.40) satisfying vertex conditions (19.51), subject to the 
boundary control (19.41) and zero initial data (19.42). The same ideas can be 
applied 


e the solution to the wave equation is given as a sum of d’ Alembert waves (19.43); 

e forO < t < £ only one travelling wave is present implying that the solution is 
identical to the solution (19.44) for the case of standard vertex conditions; 

e for larger values of t the solution is obtained step by step by calculating waves 
reflected from the central vertex or from the contact set. 


482 19 Boundary Control: BC-Method 


Hence we start by calculating the solution for € < t < 2£ 
w(x, t) = fit+x—-0+4(t—x). (19.52) 


Our immediate aim is to calculate the function a from the vertex conditions (19.51). 
It will be more convenient to write these conditions using Hermitian matrices as it 
was done in Sect. 3.4: 


P_,u(0) = 0, 
(19.53) 
(I— P_,)u’(0) = AU — P_4)i, 


where P_; is the projection on the eigensubspace of S corresponding to the 
eigenvalue —1 and 


ASU=P yh P_1) 
= =J —)- 
1 S+I 1 


The boundary values at the origin of the solution given by (19.52) are 


i0, t) = f(t -O +a(t), 


- (19.54) 
u’ (0, t) = f'(t— 8 -—a' (t). 
Substitution into vertex conditions (19.53) yields 
Pı (f¢@-0+ä0)=0, 
(19.55) 


d- Py) (#¢-0-a@) =Ad—-P)(Fe-O+40). 


These equations can easily be solved. The only difficulty is that the signs in front 
of a’ on different sides of the second equation are different. Here are the explicit 
solutions: 


Pat) = -Pa ft- 


t 
A- P_))a(t) = A- Pi) f(t- &) — 2Ae f eAt (I — P) f(t — Ddr, 
g 


t 
> a(t) = (= 2P1) fe-D-24e“ | e^- P)f(t—£dr, (19.56) 
= sy(00) 
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where we used notation (3.31) for the high energy limit S,(co) of the vertex 
scattering matrix Sy(k) given by (3.20). The integral from £ to t should be 
interpreted so that it is equal to zero whenever t < £. 

Having calculated 4 we obtain the solution to the wave equation satisfying vertex 
conditions for t < 2£ 


ii(x,t) = f(t +x — £) + So) f(t —x — 2) 
t—x—£ 
—2ae tof Ad P fat. (19.57) 
0 


Note that we decided to change the argument in the convolution integral so that the 
solution w(x, t) is given as a linear combination of f(t), O<t<t—x-—. Here 
x + £ is precisely the delay time needed for a wave to travel from the contact point 
(£) to the central vertex (point 0) and back to point x. 

It should be clear for the reader that our next step is to obtain an explicit formula 
for the solution of the wave equation for t € (2£,3£). The central vertex can be 
treated in the same way as before and we obtain precisely the same formula for the 
wave a. The only difference is that we have to take into account reflection of this 
wave from the contact set x = £. Reflection due to the Dirichlet condition results in 
multiplication by —1. It is easy to check that the following function satisfies not only 
the vertex conditions at the central vertex, but also boundary control for t € (2£, 34): 


(x,t) = ft +x- £) 
+Sy(00) f(t — x — £) 
—2Ae AG-a-O fI ATA — Pi) f(r) dr (19.58) 
—Sy(00) f (t + x — 34) 
SD Ay Aes fitx AC = PL1) fade, 


As before the formula can be used for any t < 3¢ since the second and the third 
terms vanish for t < £, while the fourth and fifth terms—for t < 2£. 
To check that this function satisfies the boundary control consider 


EE, t) = f(t) + Sy(oo) f(t — 2) — 2Ae74 -20 fF eT — P_1) f(x) dt 
—Sy(oo) F(t — 26) + 2AeAE-29 fH ATA Py) F(x)dt 


= f(t). 
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Checking the vertex condition at x = 0 one should just take into account that the 
last two terms in (19.58) vanish at x = 0 fort < 3£: 


=S (00) F (t +x — 34) 204g Ae pe 
xeAT (I — P1) f (t)dt|x=0,1<3¢ 


—Sy(00) f (t — 34) + 2Ae~AE-39 fE CATT — PL1) fdt] 


0, 


implying that all formulas are identical to just considered in the case £ < t < 26. 

It is clear that the process can be continued further adding more and more waves 
as we have already done for the standard Laplacian. For any finite T the formula 
for the solution for £ < T will contain a finite number of terms. For the solution 
of the inverse problem it will be enough to have T = 3£. Let us analyse obtained 
solution (19.58) given by the five terms: 


e The first term f (t-+x — £) represents the waves initiated by the boundary control. 
One may think about it as a free wave, since in the case of infinite interval the 
solution is given just by this term. 

e The second term Sy(0o) f (t—x —£) represents the sum of the wave with precisely 
the same profiles as the coordinate functions in the initial wave f (t+x — £) 
multiplied by the entries of Sy(oo), but going in the opposite direction. Its exact 
value at any point x at the time t is determined by the value of the control function 
at the moment t — x — £. 

° The third term —2Ae~4¢-*-® oe e^ (I — P_1)f(t)dt is also a wave 
traveling in the outward direction, but its amplitude at the point x and time 
t is determined by the values of the control function in the whole interval 
[0, t — x — £]. The integral kernel is a smooth function. 

e The last two terms represent the outgoing wave that has been reflected by the 
contact set and transformed into an incoming wave with the opposite amplitude. 


The dynamical response operator for T € (0, 32) is given by 


(RAO 


3 ð 
dnu (t, t) = EEr t) 


d > d > > 
-gI O tS) FE 2t) — 4AA — P_1) f(t — 28)) 


t—2é 
Sh Aap ae) 1 e^ — P_1)f(t)dt 


—co 
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= —f'(t) + 2S, (00) f(t — 26) — 4AA — P_1) f(t — 20) 


t—2€ P (19.59) 
paar g 40-29) f e^ (A — P_1)f(t)dt, 


—oo 


where the third term appears as the result of the differentiation of the integral. The 
generalised kernel r(t — t) of the response operator is 


r(t) = —6'(t) + 2Sy(00)d'(t — 2€) — 4A — P_1)8(t — 20) 
+ 4A7e~4¢-29 I] — P_1)6(t — 28), (19.60) 


where @ is the Heaviside function. The kernel 442e~4¢—2 (I — P_,)@(t — 28) is 
locally L2, therefore we have the following classification of the singularities in the 
kernel: 


e the initial wave i (t + x — £) determines the ô’ singularity —6’(t); 
e the reflected wave S,(co) f (t—x—£) determines the delayed ô’ and ô singularities 
2Sy(00)d'(t — 20) and —4A (I — P_,)d(t — 20). 


In addition there is an integral operator with the bounded kernel 4A7e~4¢-29 (I — 
P_1)0(t — 20). 

These properties of the dynamical response operator will be very important 
for our future analysis, especially for the solution of the inverse problem. Let us 
remember that the kernel of the dynamical response operator contains the delayed 
6’ and 6 singularities, of course provided P_; 4 I. The delay is equal to the time 
needed for the wave to travel from the contact vertex to the central vertex and back. 
It follows that in general examining the response operator we may determine the 
distance to the nearest vertex, since it is not really important that the graph we 
consider is a star graph. The only possible obstacle is that the reflection coefficient 
from the nearest vertex could be identically zero. 
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Chapter 20 A 
Inverse Problems for Trees Geek for 


This chapter is devoted to the solution of the inverse problem for Schrödinger 
operators on metric trees. The problem has been studied in [68, 69, 73, 109, 509, 510] 
(see also later references by the authors). We follow the approach developed in 
[37, 44] based on BC-method for the one-dimensional Schrödinger equation. 

For trees it is customary to consider as the contact set the set of all degree one 
vertices 


{v” : deg V” = 1} (20.1) 


—the graph’s boundary. The magnetic potential on any metric tree can be elimi- 
nated, hence the set of spectral data will consist of the two equivalent sets: 


e the M-function M(A) = Mr (À), 
or 
e the dynamical response operator R7, known for sufficiently large T. 


The inverse problem for trees can be solved by a leaf-pealing procedure where 
the metric tree, potential, and vertex conditions are recovered step by step starting 
from a region situated close to the boundary (Fig. 20.1). In this way the inverse 
problem is reduced to the inverse problem on a smaller tree. The whole operator is 
reconstructed step-by-step. 

By using the two different sets of spectral data (the M-function and the dynamical 
response operator) we are going to make our presentation more transparent and 
avoid difficulties which appear if just one set is used. For example the dynamical 
response operator is more suitable for the reconstruction of the potential on the 
pendant edges having as one of the endpoints a degree one contact vertex, while 
the reduction to a smaller tree is easier if the Titchmarsh-Wey] M-functions are used. 
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Fig. 20.1 A metric tree 


20.1 Obvious Ambiguities and Limitations 


Before solving the inverse problem let us discuss necessary assumptions and 
possible ambiguities. 


Observation 20.1 The magnetic potential in the Schrodinger equation on a tree can 
be removed, leading to a certain similarity transformation of the M-function. Let us 
choose any point x9 € T and consider the unitary transformation of multiplication 
by the function (generalising (4.10)) 


exp ( f a6)dy) ; 
x0 


where a is the magnetic potential and the integration is taken along the shortest path 
connecting xo and x.! Then the operators Lq,q and Lq are connected by 


—i f} a(y)dy i fe a(y)dy 
e 0 ©" Lg,ae “*0 = Lq. 


Introducing the diagonal Ma x Ma = (N + 1) x (N + 1) matrix 
t= el fro aay x; € OT, (20.2) 
we get an explicit relation connecting the corresponding M-functions 


Mz,,(A) = UML, (A)U™!. (20.3) 


' In fact the integral does not depend on the path, since any path different from the shortest one has 
to return back along the same way leading to cancellations of the corresponding contributions. 


20.1 Obvious Ambiguities and Limitations 489 


It follows that it is impossible to reconstruct the exact form of the magnetic 
Xj 


potential—only the integrals I a(y)dy between the contact points. Having this 
Xi 

in mind we restrict our consideration in this chapter to Schrödinger operators with 

zero magnetic potential. 


Physicists use to say that there is no magnetic field in one dimension. 


Observation 20.2 Let L? be a Schrödinger operator on a metric graph T. Let 0 (x) 
be a real-valued function on T, constant on every edge E,, and equal to zero on all 
pendant edges: 


A(x) = On, x € En, En is not a pendant edge; 
~ 10, xe En, En is a pendant edge. 


Then the similarity transformation 


LS > LO) = eO LSe (20.4) 
preserves the M-function. In other words, the operators LS and LŠ (0) have precisely 
the same Titchmarsh-Weyl matrices, but the vertex conditions at internal vertices in 
may be different, since they are described by the scattering matrices S and S. The 
relation between these matrices is rather explicit, but we leave the exact form of the 
relation as a problem for the readers. 


Problem 89 Determine the formula that describes the relation between the matrices 
S and S, explaining how the vertex conditions are changed under the similarity 
transformation (20.4). 


It follows that the inverse problem can be solved only up to the similarity 
transformation (20.4). Note that this transformation does not change the metric 
graph T and the potential q, but does affect the vertex conditions. 


Observation 20.3 If the matrix parametrising the vertex conditions has zero 
entries, then it might happen that the metric graph cannot be reconstructed uniquely. 
Such a counterexample was first presented in [335], where the Laplace operator LS 
on the cross graph depicted at Fig.20.2 was considered. If the vertex scattering 
matrix S! associated with the central vertex V! = {x2, X4, X6, Xg} is chosen such 
that there is no transition between the opposite branches of the cross and no 
reflection from the central vertex, then all crosses with equal distances between 
the neighbouring pendant vertices d(x1, x3), d(x3, x5), d(x5, x7), d(x7, x1) may 
have identical M-functions. 
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Fig. 20.2 Metric cross. First 
published in Proc. AMS in 
140 (2012), published by the 
American Mathematical 
Society. © 2012 by the 
American Mathematical 


Society 
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The matrix S! possessing the described properties and being scaling invariant 
has the form 


0a 0 £ 
0 (0) 

s= o +p 
BO—a 0 


The corresponding M-function is calculated in Appendix 1: 


M) = 


a c1_-382-4—C1 4.48243 0183.44 
7 51-382-4—S2438144 0781 382-4—$243.5144 
aps2—4 


S344 


Bs243 


513582452435 +4 


2 
Of C2481 -3—C2435144 


7513524524391 44 


aps2—4 


&Ž?S1—352—4— 52435 +4 


Bsi+4 


2 
OS] -382-4—S2438144 


aßsı-3 


&?S1—352—4— 5824+35 +4 


Bsi+4 


a7 513524524391 44 


Bs243 
2) 


a$1392-4—52438 +4 
2 
"Cj —389-4F€0435144 


2 
Of S| -389-4—S2435144 


S142 


781 399-4—97435144 


aBsi—3 
7 


OS] 382-4 52438144 


O° $]-350-4—S24381 44 


=OS142 


3 
Ot" S| 382-4—S2435144 


a7 cp_4513 +C1445243 


1, a,Be(—-1,). 


7 51382-4-52435144 


7 51382-4—82438144 


(20.5) 
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where we introduced the following short notations 


Citj := COS k(li = as lj), Si+j t= sin k(l; + lj), i, J = 1, 2, 3, 4. (20.6) 


The matrix M(A) does not depend on all four length parameters l;, j = 1, 2,3,4 
determining the cross T. To see this one may introduce the following three new 
length parameters 


L =h +h +h + l4 - the total length of the graph, 
Liz =h +h - the distance between the vertices V! and V?, (20.7) 
Li+4 =h +l4 - the distance between the vertices V! and V4. 


It is easy to see that all relevant combinations of l; appearing in (20.5) can be 
expressed in terms of L, L1+2, L144 


l +h = L -— Li+4, 
l — l3 = Liş2 + Liş4 — L, (20.8) 
In — l4 = Li42 — Liza. 


We have proven that the M-functions for the 4-star graphs with the edge lengths 
L, l2, 13, l4 and with the edge lengths J; + L, l2 — L, l3 + L, l4 —1 are identical for any 
0</<mini,;. 

It follows that to ensure that the metric graph is uniquely determined by the M- 
function one should require that the vertex scattering matrices S% (k) or its high 
energy limit S{’(0o) does not have identically vanishing entries. This assumption is 
rather strong and is not necessary for most of our considerations, but it is easy to 
formulate and to verify. 


Problem 90 Consider the cross graph shown in Fig. 20.2 and the corresponding 
Laplace operator defined on the set of functions satisfying the vertex condi- 
tions (20.32). Calculate the dynamical response operator R? associated with the 
contact set OT = {x1, x3, x5, x7} (use Definition 19.3). Compare the result with 
the M-function calculated above. Do you see that the response operator depends on 
the distances between the neighbouring pendant vertices, but is independent of the 
distances between the opposite vertices? 


Remark 20.4 As we already mentioned, degree two vertices should be ignored in 
the case of standard vertex conditions, since the corresponding two edges may be 
substituted by one bigger edge without changing the spectral data for the whole 
graph. Note that these vertex conditions are excluded if one requires that S% (k) or 
Sy’ (co) does not have entries identically equal to zero. 
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Based on our observations, we are going to assume that the following assumption 
is satisfied: 


Assumption 20.5 The high energy limits of the vertex scattering matrices SY’ (oo) 
do not have zero entries. 


The assumption implies in particular that the S”” (oo) are irreducible and it holds 
for the standard vertex conditions with the exception of degree two vertices. 

Under Assumption 20.5 the spectral data, i.e. the M-function or the dynamical 
response operator R7 associated with all degree one vertices, determine 


I the metric tree T; 
I the (electric) potential g(x); 
II the vertex conditions, i.e. the matrix S up to the similarity transformation given 
by (20.4). 


In what follows we are going to describe how to solve all three subproblems. 


20.2 Subproblem I: Reconstruction of the Metric Tree 


The BC-method allows one to reconstruct either the whole tree at once or just its 
parts that look like bunches. We are going to speak about global and local procedures 
respectively. Consider Fig. 20.1 presenting a tree. Instead of reconstructing the 
whole tree at once one might be interested in recovering just the part looking like the 
bunch formed by the edges E1, E2, and E3 (marked with red colour on the figure). 

The main idea behind our method of reconstruction of the metric graph is the 
fact that the singularities in the response operator for the Schrédinger and Laplace 
evolutions coincide, of course provided the vertex conditions are the same. This can 
already be seen from formula (19.14) representing the solution using the Goursat 
kernel: if the potential is identically zero, then the solution is given by traveling 
wave, if the potential is not zero, then the solution contains in addition to the same 
travelling wave an integral term with the bounded kernel. 


20.2.1 Global Reconstruction of the Metric Tree 


The whole metric tree T can be reconstructed at once if the distances between all 
contact points are known. 


Lemma 20.6 Let T be a metric tree with the contact set JT given by all degree 
one vertices. Then T is uniquely determined by the set of all distances between the 
contact points: 


dist (Vİ, VI), VÍ, VÍ €€@T. (20.9) 
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Fig. 20.3 Subtree T; 23 v2 


vi v3 


Proof The distance between a pair of pendant vertices is equal to the length of the 
unique shortest path connecting them. Consider any three vertices from ƏT, say 
V1, V?, and V? (Fig. 20.3). Let us denote by W! the unique vertex where all three 
paths connecting V! with V*, V? with V°, and V? with V! intersect. Then the 
distance between V! and W! can be calculated as 


dist (V!, V2) + dist (V!, V3) — dist (V2, V?) 
5 f 


dist (V1, W!) = 


Hence we are able to reconstruct the subtree T123 C T covered by the shortest 
paths connecting the three vertices. 

Consider now the next vertex, say V4. Our immediate goal is to reconstruct the 
subtree T; 2.3.4 C T covered by the six shortest paths connecting Vİ with V/, 
i,j = 1,2,3,4. In general T; 2,3,4 has two internal vertices W! and W?, which 
also might coincide in the degenerate case. Let us calculate the distance between 
V4 and Tj,2,3 considered as a subtree of T1 23.4 : 


dist (V4, Vİ) + dist (V4, VÍ) — dist (V!, VÝ 
‘ae tie. an, e aa yon ) 
? i#j=1,2,3 2 


(20.10) 


Consider any pair of indices (ip, jo) realising the minimum above. Then the tree 
T1,2,3,4 is obtained from T,,2,3 by creating a new vertex W? (if necessary) at the 
distance 


dist (V, V0) + dist (V, V+) — dist (V, V+) 


dist (V?, W?) = 


and attaching an edge of length given by (20.10) (Fig. 20.4). 
Continuing this process the whole finite metric tree T is reconstructed step by 
step. 
oO 


The distances between the contact points may be determined using travelling 
times, introduced below. 
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Fig. 20.4 Subtree T1,2,3,4 v2 


y3 


vi 


v4 


Definition 20.7 Let R? be the dynamical response operator associated with the 
metric tree T and the contact set dT. Let V’ and V” be any two vertices from dT. 
Then the travelling time t(V’, V7) between the vertices is defined by 


t(V', VÍ) = sup {T:R =0}, (20.11) 


T 

Vi, Vi 
where RT, yi denotes the entry of the matrix operator R? associated with the 
vertices VÍ and V/. 


Consider the wave evolution on T initiated by a boundary control applied just at 
the vertex V’: 


fO=LOE, flreo =O, 


where č; is the i-th standard basis vector in C”*. Then the travelling time between 
the vertices V/ and V’ is the smallest time when the wave initiated by such boundary 
control f (t) may reach the vertex V’. 

The relation between the travelling times and the distances between the pendant 
vertices in a tree is described by the following lemma. 


Lemma 20.8 Consider the Schrödinger equation on a finite metric tree T with 
vertex conditions at the internal vertices such that the high energy limits of the 
vertex scattering matrices SV’ (oo) do not have zero entries. Then the travelling time 
between any two vertices V' and V! from the contact set is equal to the distance 
dist (V', V/) between the vertices. 


Proof The wave evolution has unit speed of propagation, hence the travelling time 
cannot exceed the distance between the vertices. It remains to prove the opposite 


inequality. 
Consider the shortest path from V/ to V’ and denote the endpoints on it V? > 
X1, X2, X3,..., X25 € V', so that x2, and x2n41, n = 1,2,...,5 — 1, belong to 


the same vertex. Formula (19.14) describing the solution to the wave equation on 
an arbitrary interval using the Goursat kernel implies that travelling times between 
the endpoints of the same edge are always equal to its length. Formula (19.59) 
for the kernel of the response operator on the star graph implies that travelling 
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times between the endpoints belonging to the same vertex is always equal to zero, 
provided S’ (o0) does not have zero entries. It follows that the travelling time 
between the pendant vertices coincides with the distance. o 


Combining the previous two lemmas we get 


Theorem 20.9 Consider the Schrödinger operator on a finite compact metric tree 
T with contact set ƏT. Assume that the high energy limits of the vertex scattering 
matrices associated with all internal vertices do not have zero entries. Then 
knowledge of the response operator R? associated with the boundary for a certain 


T > diam(T), 


determines the metric tree. Here diam(T) is the diameter of the metric tree — the 
maximal distance between any two points on T. 


Several of our assumptions can be weakened. For example it is not necessary to 
require that all entries of Sẹ (o0) are different from zero: it would be enough that 
the entries used in the calculation of the travelling times are non-zero. Note that our 
definition of the travelling times is valid for metric trees only—in the case of graphs 
with cycles formula (20.11) may give an infinite value despite the graphs being finite 
and compact. 


Problem 91 Find an example of a finite compact metric graph with cycles, such 
that formula (20.11) determines an infinite travelling time between certain two 
vertices. 


Another possible weakening of the assumptions is to use the principal (Ma — 
1) x (Mg — 1) block of the response operator instead of the whole matrix. Using this 
block, the travelling times between any two of the selected Ma — 1 pendant vertices 
can be determined. This information allows one to reconstruct the whole tree T, 
except the pendant edge connected to the excluded pendant vertex. Comparing 
the principal block of the response operator associated with T with the response 
operator for the reconstructed subtree allows us to calculate the length of the last 
pendant edge and where in T1,2,...,m—1 it should be attached. As before it is enough 
to compare the response operator for the Schrödinger evolution with the response 
operator for the Laplacian evolution since their singularities coincide. 

In the case of the Laplacian the metric tree can be reconstructed from M(0) := 
M(A)|,=0 (see Appendix 2). 


20.2.2 Local Reconstruction of the Metric Tree 


Our main tool will be a bunch-peeling procedure where the potential and the vertex 
conditions are reconstructed locally on a part of the metric tree. Applying this 
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procedure there is no need to reconstruct the whole graph at once. Therefore we 
describe here how to reconstruct a bunch of a metric tree. 


Step 1. Reconstruction of the Pendant Edges Let V! be any vertex from ôT. 
Then the diagonal entry RT, yı Of the response operator has a kernel of the form 


ryt yı (t) = —8' (t) + 2(S0" (00))a28'(t — 201) + H(t), 


where £; is the length of the pendant edge [x1, x2] starting at vi, (S%" (00))22 is the 
high energy limit of the reflection coefficient from the nearest vertex (endpoint x2 
belongs to this vertex), and H(t) is a certain Lj jJoc-function. This formula is implied 
by (19.14) and (19.59). 

It follows that the knowledge of the diagonal part of the response operator allows 
one to reconstruct the lengths of all pendant edges. 


Step 2. Identification of the Bunches We are interested to know which pendant 
edges form bunches like the edges E1, E2, and E3 in Fig. 20.1. To this end we use 
the travelling times again: two vertices VÍ and V/ belong to the same bunch if and 
only if the travelling time between the pendant vertices is equal to the sum of the 
lengths of the corresponding pendant edges 


T(V, Vİ) = li + £j, 


where £; and £; are the length of the pendant edges starting at Vİ and V/ 
respectively. This is an equivalence relation in the case of a metric tree. Then all 
bunches in the tree are simply equivalence classes of pendant edges. 


We summarise the results of our studies as: 


Theorem 20.10 Consider the Schrödinger operator on a finite compact metric tree 
T with contact set ƏT. Then under Assumption 20.5 the knowledge of the response 
operator R? associated with the boundary for a certain 


T >2 max £j, (20.12) 
VicdT 


determines all bunches in the tree. Here £j are the lengths of the pendant edges 
emanating from the contact vertices V!. 


Note that reconstruction of a bunch includes not only determining which pendant 
edges are connected together at a certain inner vertex but also calculation of their 
lengths. In other words the bunches are reconstructed as metric subtrees of T. 

Moreover local reconstruction of bunches requires knowledge of the response 
operator for T just above the double length of the shortest pendant edge 
(see (20.12)), which could be much less than the diameter of the tree. 
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20.3 Subproblem II: Reconstruction of the Potential 


In this section we assume that we have already reconstructed either the whole metric 
tree or one of its bunches. Our goal is to describe how the potential can be recovered 
on the pendant edges. 


Theorem 20.11 Let V! be any pendant vertex on a metric tree T. Let l be the 
length of the pendant edge emanating from V!. Then the diagonal entry Ri, yl 
of the response operator for T = 2, completely determines the potential on the 
pendant edge. 


Proof Without loss of generality we assume that the pendant edge Ey = [x1, x2] is 
parametrised so that the endpoint xı corresponds to the pendant vertex V!. 

To reconstruct the potential on the pendant edge we are going to compare the 
diagonal of the response operator for T with the (scalar) response operator R? for 
the Schrödinger operator on the half-axis [x1, 00) with the same potential q on the 
interval [x1, x2]. One may assume that the potential is extended to be zero outside 
the interval. 

We are interested in comparing RI with the diagonal element RT, yi of the 
original response operator. To determine these operators we consider the wave 
equation on [x1, 00) and T, respectively, subject to boundary control at x; = V!. 
For the original tree we assume zero control at all other contact vertices and vertex 
conditions at the internal vertices. Let us denote by uf (x,t) and ud (x,t) the 
solutions of the wave equations on T and [x;, oo) respectively. 

The response operator for [x;, 00) is determined by solving the initial-value 
problem (see (19.1)): 


32 32 
za“ zzo + q@)uo = 0, x € [x1,00), t € [0, T] 


0 
ug(x, 0) = 3 to, 0) = 0, 


uox, t) = f(t). 


The solution is given by (19.14) as 


ul (x,t) 


t 
fa-xeay+ f w(x, s) f(t —s)ds, x — xı < t, 
xX-X]1 xE [x1, 00), 


0, t<x-4x, 
(20.13) 


where w is the Goursat kernel. The solution is identically equal to zero for x > 
t+ xı. 
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Note that in order to determine the Ri, yı 
wave equation for x € [x1, x2]. The causality condition u(x,t) = 0 for x > xı +t 
is automatically satisfied due to the unit speed of wave propagation and the zero 
boundary control at the contact vertices different from V!. It follows that the two 


solutions are identical: 


for T < €; one needs to solve the same 


uf Œ, t) =u (x,t), O<t <1, x € [x1, x2). 


The two solutions coincide because the waves generated by the boundary control do 
not have enough time to reach the nearest internal vertex in T and are localised to 
the pendant edge [x1, x2]. They are independent of the rest of the graph T. 
Consider now the time interval £ € [€,, 2¢,]. For such values of t the waves 
generated by the boundary control at x; have enough time to reach the closest 
internal vertex, but the wave reflected form this vertex may affect only the region 


x > —t — xı +2. 


This can be seen from formula (19.14) since the wave reflected from the nearest 
vertex may be obtained by solving the wave equation on [x1, x2] with a certain 
boundary control at x2. It follows that u^ coincides with uf not only for (x,t) € 


[x1, x2] x [0, £1] (as above), but also in the triangular region 
tE [Li Uil xy <x < —-t—x, 4+ 2x. 


It follows in particular that the two solutions coincide in the neighbourhood of x = 
xı implying that the diagonal entries of the response operators coincide: 

Rj = Ryn yi T < 24. 
As is proven in Sect. 19.4 (Theorem 19.6), the response operator RI determines 


the potential in the Schrödinger equation for x — xı < T/2, i.e. on the interval 
x € [x], x2). o 


Since the pendant edge in Theorem 20.11 was arbitrary, we conclude that the 
knowledge of the diagonal entries in the response operator R7 for T greater than or 
equal to double the maximal length of the pendant edges determines the potential 
on all pendant edges. The procedure is local, hence to determine the potential on a 
bunch it is enough to know the diagonal elements of the response operator associated 
with the bunch. The optimal value of T is also determined by the lengths of the edges 
in the bunch. 

Note that we were not able to reconstruct the potential on the whole tree T yet. 
Before we proceed it is necessary to determine the vertex conditions at the nearest 
internal vertex. If the vertex conditions are known a priori, then one may proceed 
directly to Sect. 20.6 
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20.4 Subproblem III: Reconstruction of the Vertex 
Conditions 


Our goal in this section is to describe how the vertex conditions at the root of any 
bunch can be reconstructed from the response operator associated with the bunch. 
We shall limit our studies here to the case of zero potential on the bunch leaving 
the general case for the following section where most general inverse problem 
is considered. Throughout this section we assume that the block of the response 
operator R7 associated with the bunch is known. The time parameter T should be 
slightly greater than the double length of the longest edge in the bunch. As has 
been shown in Sect. 19.6, the response operator has particularly simple form in the 
equilateral case, since one is able to use vector notation. Therefore to reconstruct 
the vertex conditions we are going first to trim the bunch, making all pendant edges 
equilateral and then solve the inverse problem for the equilateral bunch. 


20.4.1 Trimming a Bunch 


Let the bunch in T be formed by the pendant edges E1, Fo,..., Ey—1 with 
v!,..., VNI as pendant vertices. Let us denote by V? the root vertex for the 
bunch and by Ey the inner edge connected to it. It is assumed that the entries 


Rigg i j=1,2,...,N—1, 


of the response operator are known. . 
Let us modify the tree T to get a new tree T by substituting all pendant edges 
from the bunch with the equilateral edges of any length 


The new edges and pendant vertices will be denoted by Ê; and V; respectively. We 
are going to say that T is obtained from T by trimming the edges from the selected 
bunch (Fig. 20.5). 

Let us choose in addition a parameter €, 0 < € < min{£, £y} where £y is the 
length of Ey. Taking into account that the solution to the wave equation on the 
pendant edges is given by the sum of travelling waves, we get the following formula 
connecting the response operators R and R? for the original and trimmed trees T 
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Fig. 20.5 Trimming a bunch 


and T: 


= 


RTS (VY! VIG + li + Lj) = ROY, V(t+20, O<t<e; 


Rett (yi VINA =0, O<t <4 +24;; 


RO, VQ) =0, O<t < 22. 
(20.14) 
We formulate our observation. 


with any bunch in a metric tree T and with any 0 < € < min{£, £y} determines the 
corresponding block of the response operator R*'*¢ for the trimmed tree. 


20.4.2 Recovering the Vertex Conditions for an Equilateral 
Bunch 


In what follows we assume that a bunch in the metric tree T is selected, the bunch 
is equilateral in the sense that all pendant edges have the same length £, and the 
potential on the bunch is identically equal to zero. Assume that the (N — 1) x (V—1) 
block of the response operator associated with the bunch is known for T = 2¢ + 
€, € > 0. Fore sufficiently small the block of the response operator is determined by 
the solution of the wave equation on the star graph formed by £1,..., En—1, En 
joined together at the root vertex V°. The rest of the tree has no influence on the 
selected block for t < 2£ + e. 

Formula (19.59) determines the response operator in the case of zero potential 
not only on the pendant edges, but on the edge Ey as well. We have assumed that 
the potential is zero on the pendant edges, which is reasonable since the potential 
on the pendant edges is determined from the response operator and can be cleaned 
away. This will be explained in Sect. 20.5.1 below. On the other hand, we do not 
know how to determine the potential on Ey and it is less clear how to clean it 
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away. Therefore to determine the principal (N — 1) x (N — 1)-block of the response 
operator we need to repeat the calculations from Sect. 19.6 taking into account that 
the potential on Ey may be nonzero. 

At t = £ the first waves generated by the boundary control reach the root vertex 
V9 and penetrate into Ey. Therefore at least for 2 < t < £ + e€ the (scalar) response 
from Ey is identical to the response for the one-dimensional Schrödinger operator 
on the half-axis with the potential inherited from Ey, like in Sect. 20.3. It follows 
that there exists a differentiable kernel ry (t) (depending on the potential on Ey) 
such that 


0 0 t 
Gin. Sa E f EE E (20.15) 
Ox ot e 


where uy(x,t) is the solution on Ey and we parametrised the edge as [0, £y] 
starting from the vertex V’. Let us remind ourselves that we agreed that the definite 
integrals are considered to be zero when the upper limit is smaller than the lower 
one. In the rest of this subsection the solution on Ey will be substituted with the 
response (20.15). 

Step 0. We start by noting that the solution is identically equal to zero in the area 


x<f-t, O<t<£, 


due to the unit propagation speed. This area is marked by 0 in Fig. 20.6. The solution 
on Ey is also identically zero fort < £. 
Step 1. We proceed now to determining the solution on the bunch. It will be 


convenient to denote all N — 1 dimensional vectors from C’—! by the upper index *, 
sometimes identifying these vectors with the vectors from C™ having the last entry 
equal to zero. Following Sect. 19.6 we conclude that for t < £ the solution on the 


Fig. 20.6 Waves on the 
equilateral bunch: 0O—red 
area—the solution is 
identically zero; 1—orange 
area—solution contains one 
wave given by (20.16); 
2—green area—solution 
contains two waves given by 
(20.21); 3—blue 
area—solution contains three 
waves given by (20.22) 
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bunch is given by the single travelling wave directly determined by the boundary 
control function f* satisfying 


a(x,)=f'*t+x-0), O<t <2, (20.16) 


where we have taken into account that the potential on the pendant edges is zero 
and the edges are parametrised so that x = 0 corresponds to the root vertex V? and 
x = £ — to the contact vertices. The same formula holds for u*(x, t) even in the 
triangular area 


t-€<x<, €<t<2é, 
since the waves reflected from V° do not have time to penetrate into it. The 
whole area where the solution on the bunch is given by just one travelling wave 
as in (20.16) is indicated by 1 in Fig. 20.6. 
Step 2. Consider now the trapezoidal area 
max{£, t — l — e} <x < min{t — £, 34 — t}, 
indicated by 2 in Fig. 20.6 taking into account that € < £. The solution on the 


pendant edges contains—in addition to the travelling wave generated by the control 
function—the wave reflected from the root vertex 


u* (x,t) = f” +x L) + i*i x). (20.17) 
The wave reflected from the root does not have enough time to approach the pendant 


vertices of the bunch and after reflection reach the indicated area. To determine a* 
we substitute formulas (20.15) and 20.17 into the vertex conditions (19.53) 


Pi(fre —~£) 44°) + un, Ney) =0, 


a ; 
pn Hew (20.18) 


Bx TEN 
Gata Pea O 


+ fi ry(t — s)uyn (0, s)ds éy 


SAG P1)(fe —£)+4*() + un (0,2) ên), 


where éy is the N-th vector from the standard basis in C™. Introducing the notation 


ape of ČO 
atl): 
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the system of equations can be simplified to 


Pi(fe-0 +40) =0, 


4 t 
(i= Pa(fe -A üt) + f rv (t —s)un(0, s)ds ën) 
= AI — P(fe-8 +a(0)), 


5 pe 
where the control vector f(t) = ( f # has zero last component. As in Sect. 19.6 


the first equation gives us 
P_\a(t) = -Pift O. 
The second equation can be turned into an integral equation assuming that u y (0, t) 
is known, yielding 
> t > 
(= Piatt) = U- Paf- O- 2a f e AO — Pi) f(t 8dr 
l 


t T 
+f e7 Att) (J ry(t — s)un (0, 9ds) (I — P_1)éndt. 
e £ 


Summing up the last two equalities we arrive at 


t 
a(t) = (I —2P1) ft — £) — 2a f eTA] — P1) f(t — £)dt 
—-_——4 g 
= Sy(00) (20.19) 
t E 
+f ETANO (/ r(t —s)un(0, sas) (I — P_\)éydt. 
£ £ 


This is an integral equation because uy, being the last component in a on the left 
hand side, appears also in the last integral on the right hand side. We write the same 
equation in the more transparent form 


awo N f*¢-9 
(on) =s 0 ) 


i . 
= —At—t) (7 _ Pah) 
24 f 7 (a Po ( we ar 


t or 
+f e A(t —t)U — P_1) f ry(t — s)uy (0, s)ds i 
£ 
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where 0* is the zero vector in C7! Note that the vector @* (t) is coupled to uy (0, t) 
not only via the second (integral) term on the right hand side, but also via the last 
term. It follows that even in the case of zero matrix A (for example if standard vertex 
conditions are assumed) the coupling is not trivial due to the projector J — P_j 
appearing in the last term. 

Equation (20.19) is a Volterra equation of the second kind with a continuous 
kernel and can be solved by iterations leading to the solution formula 


t 
a(t) = Sy(oo) f*(t — £) — 24 f e ACO — P_1)f*(t — Ddr 
i : (20.20) 
+f H(t, t) f*(t — £)dt, 
t 


with a continuous matrix kernel H identically equal to zero in the region 
T<t. 


Let P denote the projector in C™ onto the subspace C=! c C% orthogonal to 
the last vector Zy € C™ from the standard basis. Then the solution of the control 
problem restricted to the bunch can be written as 


Pu(x,t) = f*(t +x — £) + PSy(oo) f*(t — x — £) 
t—x—£ 
—2PA f e 40-9 7 — Pa) f* dr (20.21) 
0 
t—x—£ 
+P f H(t, t +8 f*(t)dt. 
0 


This formula gives the solution to the control problem in the indicated trapezoidal 
area indicated by 2 in Fig. 20.6. 
Step 3. For our purposes it remains to determine the solution in the triangular region 


3-t<x<, U<t<l+x+e, 


indicated by 3 in Fig. 20.6. For points from this region the wave reflected from the 
root V’ reaches the boundary of the bunch and reflects from it. Hence the solution 
on the bunch contains three waves: 


e the original wave generated by the boundary control, 
* the wave reflected form the root V?, 
e the second reflected wave from the boundary of the bunch. 


The second reflected wave is easy to calculate: since the boundary control intro- 
duced on the contact set acts on the outgoing wave as if a Dirichlet condition is 
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assumed there. The solution is given by 
Pu(x,t) = f* 0 +x —0) + PS) f*(t — x — 8) 
t—x—£ on 
—2PA f ete = Pal wat 
0 


t—x—£ 
+P f H(t —x,t +8) f*(t)dt 
— (20.22) 
—PS, (00) f* (t + x — 30) 


t+x—3£ 5 
+2PA / e AGtr—t—38) (7 — P_1) f*(r)dt 
0 
t+x—3£ E 
-r f H(t +x— 2, t +4 f*(t)dt. 
0 
The block of the response operator associated with the bunch is then given by 
T Fx 3 > 
P(R! F) O = -2 Pale, Dhe 
Ox 
d pk d pk roa 
= -3 f O + 2PSe(00) 5 Ft — 26) — APACE — Pi) f” E- 20) 
t—2¢ 7 
+apa? | gee — Pali wei 
0 
t-24 . 
-2pa | H(t —£,t+2)f*(t)dt, 
0 


T < 2€+2e, 
(20.23) 


where when differentiating the two integral terms containing the continuous kernel 
H we have taken into account that H(t — £,t — £) = 0. Here we extended the 
projector P so that it acts in C™? > C™ > C-L, The singularities in the response 
operator coincide with the singularities of the Laplacian on the star graph (even with 
zero potential on the edge Ey). 


Lemma 20.13 The block PR'P of the response operator associated with an 
equilateral bunch in a metric tree T, known for the time parameter T slightly larger 
than double the length of the pendant edges in the bunch determines uniquely the 
following matrices associated with the vertex conditions at the root: 


PSy(oo)P and PAP. (20.24) 


Proof The matrices (20.24) are determined by identifying the ô and ô’ singularities 
in the response operator given by formula (20.23). oO 
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It remains to show that knowing the matrices (20.24) is enough to recover the 
unitary parameter S in the vertex conditions up to the phase factor associated with 
the edge Ey in accordance with Observation 20.2. 


Theorem 20.14 Consider the set of N x N irreducible Hermitian unitary matrices 
Sy(co) having the same principal (N — 1) x (N — 1) block PSy(oo)P. This family 
of matrices can be described using one real phase parameter so that 


SÊ (00) = Ro S2(co)R_4, 0 € [0, 7), (20.25) 


where s? (00) is a certain particular member of the family and Rg is given by 


10...00 
01...00 
Ro = diag {1, 1,..., 1, e} = zin io I fo 0 e[0, 27r). (20.26) 
00...10 
00... 0e? 


Proof Reconstruction of any unitary N x N matrix from its principal (N —1) x (N — 
1) block in general includes two arbitrary phase parameters but the matrix Sy (00) = 
{s;j} is in addition Hermitian. This reduces the number of arbitrary parameters to 
one. 

Let us describe the reconstruction procedure. The entries of any unitary matrix 
satisfy the normalisation and orthogonality conditions: 


Dials? = 1, Xia lsyj = 1, 
m — . m — P 
Ž j= SiS] = 0, L Æ L, Xa SijSil = 0, J Æ L. 


Assume that the principal (N — 1) x (N — 1) block of the matrix Sy(oo) is known. 
Consider the last row in the matrix. The absolute values of sm; = (Sv(œ))mj, j = 
1,2,...,m — 1 can be calculated from the normalization conditions. At least one 
of these numbers is different from zero, otherwise the matrix S,(co) is reducible. 
Consider any such nonzero element, say with the index m1. All possible values of 
this element can be described by one real phase parameter œ as follows Smi = 
sleit, where can is any complex number with the prescribed absolute value. 
Then all other elements smj, j = 2,...,N — 1 can be calculated using the 
orthogonality conditions. In the same way one may consider the last column and 
introduce a certain parameter 6 € R such that Sim = s? eP. Then all elements 
Sjm, J = 2,3, ..., N are uniquely determined. 

Let us summarise our calculations by stating the following result: the family of 
unitary matrices having the same principal (N — 1) x (N — 1) block can be described 
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using two real parameters so that 

SEP (00) = Ry S°(00) Reg, (20.27) 
where s? (00) is a certain particular member of the family. 


Let us recall that the limit scattering matrix is not only unitary but also Hermitian 
(as follows from (3.31), its eigenvalues are equal to +1). Assume that Kya (o0) is 


Hermitian, then the matrix Sy B (oo) is Hermitian if and only if 8 = —a@ 


~ 


(sv? (00))" = Rip (59 (00))" Rw. 
oo) 


Summing up, all possible matrices S,(oo) having the same principal (N — 1) x 
(N — 1) block are described by formula (20.25). oO 


The assumption of Theorem 20.14 that Sy (oo) is irreducible can be weakened. In 
fact we used just the fact that (Sy (00)) om Æ +1, in other words that S,(co) is not 
block-diagonal with (N — 1) x (N — 1) and 1 x 1 blocks. 

In the following lemma we discuss the possibility to reconstruct the unitary 
matrix S determining the vertex condition at the root. 


Lemma 20.15 Let S be the unitary N x N matrix determining the vertex condition 
at the root of a bunch in a metric tree. Let the matrix S be irreducible and let us 
denote by N_, its eigensubspace corresponding to the eigenvalue —1. Let A be 
the corresponding matrix appearing in the Hermitian parametrisation of the vertex 
conditions (see (3.28)). Then the knowledge of the subspace N_ and of the (N — 
1) x (N — 1) matrix 


PU — P_\)AU — P_\)P (20.28) 


determines the unique matching condition, i.e. the unique matrix S. 


Proof Consider the (N — 1) x (N — 1) Hermitian matrix (20.28). We extend it 
to the Hermitian N x N matrix A = A ® Oy_,, where Oy_, is the zero matrix 
in the subspace N_;. The kernel of A contains the whole subspace N_,. Since 
Sy(co) is irreducible, the subspace N_ is not trivial and contains at least one vector 


with nonzero m-th component, otherwise (Sy(co)) mm = | and S,(oc) is reducible. 


Applying the matrix A to this vector we should get zero vector. This fact allows us 
to calculate the elements Âjm, j= 1,2,...,m — 1 of the last column in A. Using 
the fact that A is Hermitian we reconstruct the last row except the element Gm, 
which again can be calculated using the fact that A maps every vector from N_; to 
the zero vector. 
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The result is 


ay ere Cth (20.29) 
ily} — A 


where I NL and Iy_, are the identity operators in (N_ 1)+ and N_, respectively and 


(i Ty, + A) (GINi — H)~' is considered as a unitary operator in (N_,)t. oO 


The previous lemma may give the impression that using the knowledge of the 
principal (N — 1) x (N — 1) block of Sy(oo) and of PU — P_,) AU — P_1)P allows 
us to reconstruct unique matching conditions. This is not true, since the principal 
(N —1) x (N—1) block of Sy (00) allows one to reconstruct S,(0o) up to the unitary 
transformation (20.25), i.e. the subspace N_, is determined up to multiplication by 
Rg. Choosing different possible subspaces N_, one gets different possible matrices 
S (described in fact by the same unitary transformation (20.25)). 

We summarize our studies in the following theorem. 


Theorem 20.16 Let T be a tree graph with a certain selected equilateral bunch 
formed by N—1 edges of length £ connected together at the root vertex V°. Consider 
the Schrödinger operator L = — “+9 (x) with zero potential on the bunch. Assume 
that the vertex conditions at the rrot V? are parametrised by a certain unitary matrix 
S via (3.21). If the limit scattering matrix Sy (co) be irreducible, then the (N — 1) x 
(N — 1) block of the response operator R, T > 2€ determines the matching 
conditions at the root vertex up to the unitary transformation 


S? = Ro SPR o, 0 € [0, 7), (20.30) 


where S? is any particular member of the family and Rg is determined by (20.26). 


The theorem is proven under the assumption that Sy(oo) is irreducible, but the 
statement holds true under the weaker assumption that just S is irreducible (the 
corresponding proof is more involved). We shall omit this proof since reconstructing 
the metric tree we already assumed that Sy(oo) is irreducible. 


20.5 Cleaning and Pruning Using the M-functions 


The three subproblems described above may give an impression that the inverse 
problem for trees is now solved completely. In fact only the metric tree is completely 
recovered, the potential and the vertex condition are determined just partially: 


e the potential is recovered on the pendant edges; 
e the vertex conditions are recovered only at the root vertices for the bunches. 
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The three described subproblems can be used as bricks to solve the inverse problem 
for trees completely. In order to glue these bricks together we need to clarify two 
points: 


e find the connection between the response operators when the potential on the 
pendant edges is cleaned, i.e. set to be zero; 

e understand how the response operator is modified when a bunch is cut away from 
the original tree. 


It turns out that solutions to both questions can easily be given using the language 
of M-functions. Exploiting the connection (19.12) one obtains relation between the 
response operators, but such a connection does not look straightforward anymore: 
it might be a challenging task to write the formulas connecting the two problems 
using the language of response operators instead of M-functions. 


20.5.1 Cleaning the Edges 


We are not able to write an explicit formula connecting the response operators for 
Schrödinger and Laplace operators on the same tree, but following our methodology 
of reconstructing the quantum graph locally, we are interested in the formula relating 
the response operators or M-functions for two Schrédinger operators with zero and 
non-zero potentials on the pendant edges. Let LS (T) be an arbitrary Schrödinger 
operator on T. Let us denote by go the potential obtained from q by restricting it to 
the inner edges in T: 


0, En is a pendant edge; 
= 20.31 
qolé, | GlE,> En is not a pendant edge. ( ) 
We are going to call this procedure cleaning of the pendant edges (from the 
potential). This transformation will allow us to use Subproblem III to recover the 
vertex conditions at the root. 


Theorem 20.17 Let q be an arbitrary real-valued L,-potential on a given finite 
compact metric tree T with contact set ƏT, and let qo be the restriction of the 
potential to the inner part of T (if any) as described by (20.31). Assume that the 
potential q on the pendant edges is known. Then the M-functions for Lg(T) and 
Lao (T) are in one-to-one correspondence. 


Proof We may clean the potential on the pendant edges one-by-one. Let us choose 
one pendant edge, say E1. We denote by T; the graph formed by the single edge E 
having two pendant vertices vV! = {xı} (also a pendant vertex in T) and yV? = {x2}. 
Let us denote by T> the tree obtained from T by removing E1. The set of contact 
points for T2 consists of all degree one vertices and the vertex, say V?, to which 
the edge F is attached in the original tree. One can get the original tree T by 
gluing together Tı and T> by identifying the vertices V? (in T1) and V° (in T2). We 
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denote by qı the restriction of the potential q to Tı C T. Formula (18.34) connects 
the M-functions for the graphs T, Tı, and T2 for q and q; if one of the following 
identifications is made: 


Mr = ML or = Mz, (1); 
Mr, =Mz,(7,) ~ Mua: 
Mr, = ML, T) 


The gluing set consists of just one vertex, hence in accordance with Theorem 18.21 
any two out of three M-functions determine the third one. The response operator for 
L,(T) and the potential on Æ; determine the M-functions Mz q(T) and Mz; q(T1)> SO 
Theorem 18.21 implies that Mz, (T) is uniquely determined. Knowing Mz, (T) and 
M_, T,) (corresponding to the zero potential on Æ; and given by (5.55)) we obtain 
Mz, (tT) using formula (18.34) one more time. 

Repeating this procedure as many times as the number of pendant edges we clean 
all pendant edges from the potential and conclude that the response operator for 
Lq (T) is uniquely determined by the response operator for Lq (T). o 


Corollary 20.18 [fit is not assumed that T and the potential on the pendant edges 
are known, then Mz, (T) determines ML,, (T), but not the other way around. 


20.5.2 Pruning Branches and Bunches 


We assume now that one of the bunches in T is identified, the potential on the 
pendant edges from the bunch is determined and the vertex conditions at the root of 
the bunch are recovered using Subproblem III. One may say that we assume that for 
a certain bunch all its characteristics are known: the geometric structure (the number 
of edges and their lengths), the potential on the bunch and the vertex condition at 
the root (up to the phase parameter discussed in Sect. 20.4). Then the M-function 
for T determines the M-function for the tree T2 obtained from T by cutting away 
the bunch. We call this procedure pruning the tree since it reminds what gardeners 
do every autumn—remove dead and undesirable branches from their fruit trees. Our 
method works equally well if not a bunch, but a whole branch is known. By branch 
we mean a subtree of a metric tree which is connected to the rest of the tree at 
just one vertex called the branch root. All except the root degree one vertices in the 
branch belong to the contact set of the original tree. 
The reconstruction procedure is again based on Theorem 18.21. 


Theorem 20.19 Let L,(T) be a Schrödinger operator on a certain finite compact 
metric tree T with the contact set ƏT given by all degree one vertices. Assume that 
one of the branches in T, say the subtree T1, is known together with the potential on 
it and vertex conditions at all its vertices including the root. Let us denote by T2 the 
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tree obtained by cutting away the selected branch T, from T. Then the M-functions 
for Lg(T) and L (T2) are in one-to-one correspondence. 


Proof The proof follows the same lines as the proof of Theorem 20.17. The reason 
is very simple: the original tree T is again obtained from Tı and T2 by gluing 
them at a single vertex. The only difference is that the graph T, is slightly more 
complicated—it is a subtree, but formula (18.34) is still valid and Theorem 18.21 
can be used. o 


We may take into account that the response operator determines bunches in a tree 
leading to the following corollary. 


Corollary 20.20 Assume that the response operator for a Schrödinger operator on 
a metric tree is known. Let T, be any bunch in T. Then the response operator for T 
determines the response operator for the pruned tree Tz obtained from T by cutting 
away Tı. 


20.6 Complete Solution of the Inverse Problem for Trees 


In this section we describe in detail how the inverse problem on a finite compact 
metric tree can be solved by combining the subproblems I-III with cleaning and 
pruning procedures. 

Let LS(T) be a Schrödinger operator on a finite compact metric tree T with 
the vertex conditions determined by a certain irreducible unitary matrix S’” at the 
internal vertices and standard conditions on the contact set ƏT formed by all degree 
one vertices. Assume that the response operator R7 associated with dT is known 
for T just greater than the diameter of the tree. 

Assume that a certain bunch in T is selected. Let us denote by T’ the metric 
tree obtained from the original tree T by removing the selected bunch. The cutting 
bunches procedure consists essentially in calculation of the response operator 
associated with the new tree T’ from the original response operator. To perform 
this reduction we are going to use formula (19.12) connecting the response operator 
to the M-function. 


Step 1: Selecting a Bunch in the Tree As described in Sect. 20.2 we are able either 
to reconstruct the whole tree T or select a bunch directly using just a block of the 
response operator (Subproblem I). 


Step 2: Reconstruction of the Potential on the Bunch Every edge from the bunch 
is a pendant edge and potential on it can be recovered from the diagonal element of 
the response operator as described in Sect. 20.3 (Subproblem II). 


Step 3: Cleaning of the Bunch—Removing the Potential Let go be the restriction 
of the original potential q to T’. Then knowing the response operator for q one may 
calculate the response operator for go (see Sect. 20.5.1). 
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Step 4: Trimming of the Bunch This step is described in Sect. 20.4.1 and allows 
us to determine the response operator for T with the selected bunch now being 
equilateral. 


Step 5: Recovering Vertex Conditions at the Root Knowing the block of the 
response operator associated with the equilateral bunch allows us to reconstruct 
the vertex conditions at the root as described in Sect. 20.4.2 (Subproblem III). 
The reconstruction contains one free phase parameter, that cannot be avoided (see 
Observation 20.2). 


Step 6: Cutting Away the Bunches—Pruning of the Tree Knowing the vertex 
conditions at the root and the response operator associated with T one may recover 
the response operator for T’ with standard conditions at new pendant vertex V? (see 
Sect. 20.5.2). 


Repeating this procedure sufficiently many times we not only recover the whole 
metric tree T, but also the potential g on the whole tree and the vertex conditions at 
the inner vertices. The vertex conditions are recovered up to M — Mj — 1 = N — Mg 
phases. 

See Fig 20.7 where we illustrate how the inverse problem for a tree may be solved 
by peeling branches one-by-one. Red colour indicates the branch, which is deleted 
on each step. 

We summarise our studies in the following theorem. 


aes 


SOK 


Fig. 20.7 Peeling trees 
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Theorem 20.21 Let L8(T) be the Schrödinger operator — Kia + q(x) defined on a 


finite compact metric tree T and S = {S', S?,..., S% } collects the unitary matrices 
determining the vertex conditions. Assume in addition that 


(1) the potential q is real-valued and continuous; 

(2) the unitary vertex scattering matrices S™ associated with the vertices V™ lead 
to the vertex scattering matrices with SV’ (oo) without zero entries; 

(3) the contact set ƏT consists of all degree one vertices except one, called the root 
vertex, 

(4) standard (i.e. Neumann), conditions are assumed at all vertices in OT. 


Then the Titchmarsh-Weyl M-function, or equivalently the dynamical response 
operator, associated with the contact vertices 0T uniquely determines 


¢ the metric tree T, 
e the potential q on T, 
e the vertex conditions S™ at all non-contact vertices including the root vertex. 


Note that the proposed reconstruction procedure is local and explicit. The first 
two conditions may be easily relaxed by allowing q to be just integrable, q € Lı (T), 
and S?’ (c0) to have few zero entries. The fourth condition is not essential and is 
related to the formula used to define the M-function. 


Appendix 1: Calculation of the M-function for the Cross 
Graph 


The matrix S! is chosen Hermitian and irreducible; therefore the corresponding 
vertex scattering matrix is energy independent. It follows that the vertex conditions 
can be written using two projectors (see (3.33)) 


u(x2) u! (x2) 
-la 08 u(x4) | _ 2 l1a08 u' (x4) _ 
( a —18 r) u(x6) =, P 1B r) Wao =0. (20.32) 
u(xg) u' (xg) 


To calculate the M-function we have to consider any solution to the equation —u” = 
hu, 4 = k?,Ima ¥ 0 satisfying the vertex conditions at the central vertex. Then 
the M-function connects the boundary values of the solution: 


u'(x1) u(x1) 
u' (x3) u(x3) 
=M(A 20. 
u’ (xs) OT ics) (20.33) 


u! (x7) u(x7) 
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Every solution to the differential equation can be written as a combination of sin 
and cos functions 


u(x) = pj sink(x — x2j;-1) + qj cosk(x — x2j-1), x € (X2j-1, X2j), Pj, qj EC. 


Substitution into the vertex conditions (20.32) yields 


Pp+Qq=0 
with 
— sinkl) asinklo (0) f sin kl4 
P= asinkl, —sinkh $ sinkl 0 
~ —coskly —acoskly 0 —ß cos kl4 
—g cos klı — coskl2 —ß cos kl3 (0) 
and 
— cos kl; acos kl2 0 b cos kl4 
@= œ cos klı —cosklz B cos kl3 0 


sinklı œ sinkl? (0) B sin kl4 
asinkl, sinkl? £ sinkl} 0 


Taking into account that u(x2j-1) = qj, u'(x2j—1) = kpj, j = 1,2,3,4 we 
conclude that the M-function is given by 


MA) = kP! Q. 
The determinant of P is 


det P = 8? (o? sink(lı — b) sink(b — l4) — sin k(lı + l4) sink( + i) , 
(20.34) 


which explains the following short notations (extending (20.6)): 


h := cos kl j, sj := sinkl j, i j =1,2,3,4. (20.35) 


Ci+tj := COS k(li ale lj), Si+j c= sin k(l; + lj), 
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Then the inverse matrix is 


1 


= 2( 2 fn j 
P (a*s1-382-4 — S1+482+3 


po 


67524304 ap? 59403 
B7 524354 ap?’ 59-483 


aß?s1—3c4 B?si44c3 
aB*s\-354 B 514.453 
—aBs}42C4 —B(a7s2~4c1 + 8144€2) 


—a Bs} 4284 —B(a*s2-481 — 514452) 
—B(a7s|_3¢2 + 8243¢1) —aB5142C3 


— p (&?s1-352 — 524351) —aBS1 4283 
(20.36) 


Appendix 2: Calderón Problem 


Let L‘(T) be the standard Laplacian on any finite compact metric tree T. Then the 
metric tree is uniquely determined by the value of the M-function at the origin. This 
inverse problem can be called Calderón since M(0) maps Dirichlet to Neumann data 
for any solution of the Laplace equation on the tree. 

Assume that T is a connected metric tree and M(0) is the Dirichlet-to-Neumann 
map associated with all degree one vertices and the standard Laplacian on T. Then: 


(1) M(0) is a Hermitian matrix with the kernel spanned by 1 := (1,1,..., 1). 
This follows from the fact that à = 0 is the lowest eigenvalue of L* with the 
eigenfunction y(x) = 1. The lowest Dirichlet eigenvalue (assuming Dirichlet 
conditions at the terminating points) is strictly larger aP > 0. 

(2) M(0) is invertible on 1+. 

(3) Consider the vector 


gii = (0,0,...,0, 1 ,0,..., -1,0,...,0). 
~ aed 
i j 
Clearly `} € 14 since (¢/,1) = 0. 
(4) Consider the vector ui? = M7! (O). 
The vectors ŭi} and du‘/ = g! determine the unique function u on T 
satisfying the equation u” = 0 on the edges: 


— u is equal to a linear function with slope 1 on the path connecting the 
terminating vertices i and j; 
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— u is equal to (different) constants on the branches that are left after the path 
connecting the terminating vertices V’ and V/ is removed from T. 


(5) The distance d;; between the terminating vertices Vİ and V/ can be recovered 
as 
ij ij 


dij =u}; — uj. 


(6) The distances between all terminating points in a tree determine the tree, as we 
have already seen in Lemma 20.6. 


Thus we have proven 


Theorem 20.22 ([237]) The Dirichlet-to-Neumann map M(0) for the standard 
Laplacian on a finite compact metric tree determines the metric tree uniquely. 
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Chapter 21 A 
Boundary Control for Graphs TCA 
with Cycles: Dismantling Graphs 


The goal of this chapter is two-fold: we first describe the general strategy to solve the 
inverse problems for graphs with cycles; the second part describes how the classical 
BC-method may be applied to such graphs. 


21.1 Inverse Problems for Graphs with Cycles: Boundary 
Control Versus Magnetic Boundary Control 


This and the following two chapters are devoted to the solution of the inverse 
problem for graphs with cycles. We shall always assume that together with the 
metric graph I we fix a certain set of contact vertices ðI and use the corresponding 
M-function as the spectral data. If the contact set is large (for example contains 
all vertices), then the inverse problem is overdetermined. Therefore it is natural to 
look for optimal contact sets i.e. the smallest sets ensuring unique solvability of the 
inverse problem. We already know that for trees the set of all except one boundary 
vertices is optimal. For example in the case of the 3-star graph, it is enough to know 
the M-function associated with just two boundary vertices (instead of 4 vertices). 
It turns out that the optimal sets are difficult to characterise in presence of cycles, 
therefore we shall often be working with sets which are close to optimal (resembling 
the set of all boundary vertices in the case of trees). For clarity of the presentation 
we shall generally assume standard vertex conditions, unless introducing other 
Hermitian conditions does not influence the result. 

In what follows we shall assume that the contact set dI contains all degree one 
vertices. With this convention the contact set will not be optimal even in the case 
of trees, to make it optimal only one point has to be removed. On the other hand 
this convention will drastically simplify our studies for the following reason: using 
locality of the BC-method all branches in a graph can be reconstructed and the 
inverse problem may be reduced to a smaller graph. Let T C IT be any branch 
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Fig. 21.1 A metric graph and 
its core 


A metric graph The graph’s core 


(subtree) in the original graph I with |0T| pendant vertices. All except one pendant 
vertices in JT also belong to dl’. Hence the M-function for I’, or more precisely its 
block associated with OT N ƏT, determines the subtree and the potential on it. 

Every metric graph with several cycles can be seen as a collection of trees 
attached to a subgraph without degree one vertices. Such a maximal subgraph will 
be called the graph’s core (see Fig. 21.1, where all contact vertices are marked by 
dots distinguishing between the degree one (pendant) vertices (the black dots) and 
higher degree vertices (the red dots)). The graphs which coincide with their core 
will be called pendant free as they lack degree one vertices. 

As a result the inverse problem is reduced to the graph’s core with the contact set 
given by all original contact vertices that do not have degree one, and the formerly 
internal vertices to which the branches were attached. All new contact vertices can 
be seen as descendants of some degree one contact vertices in the original graph. 
One may say that the contact set for the core is inherited from the contact set on the 
original graph. Keeping in mind the reduction just described, we limit our studies to 
pendant free graphs, unless otherwise explicitly stated. 

We have seen that dependence of the spectral properties on the magnetic potential 
is rather explicit—only fluxes of the magnetic field through the cycles play a role. 
This is well-known as the celebrated Aharonov-Bohm effect [9, 176]. Therefore 
the following approach appears attractive: reconstruct the metric graph and electric 
potential g from the M-function considered as a function not only of the spectral 
parameter A but also of the magnetic fluxes through the cycles. In this way the 
contact set required to solve the problem sometimes may be drastically reduced: we 
shall see examples where one contact vertex is enough to solve the inverse problem 
for a complicated graph with several cycles. We call this new approach the Magnetic 
Boundary Control-method (MBC-method) since it uses ideas from the Boundary 
Control-method (BC-method) enriched by adding nontrivial magnetic fields. As in 
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the case of trees, the connection between the response operator and the M-function 
will be intensively exploited. 

We start our studies in this chapter by solving the inverse problem using the 
traditional BC-method assuming that magnetic potential is zero. Our driving idea 
will be reduction of the problem to a tree or a set of trees taking into account that the 
inverse problem for trees is already solved (see Chap. 20). It is effective to look at the 
graph globally, assuming that cutting the graph at the contact set turns it into a set of 
trees. This procedure will be called dismantling graphs and it reduces the inverse 
problem for general graphs to the inverse problem for trees. To determine the M- 
functions for subtrees we use two ideas: hierarchy of the M-functions described in 
Sect. 17.3, and the explicit representations for quantum graph M-functions (17.26) 
and (17.37). To make this procedure work one has to assume that any two subtrees 
have at most one vertex in common and that their spectra are disjoint. 

After that, in Chaps. 22 and 23, we consider the MBC-method. It seems natural to 
start with graphs having just one cycle, but it turns out that this case is slightly more 
difficult than the case of several cycles. Therefore we start by looking at graphs with 
several cycles in Chap. 22. Our approach is based on an operation we call dissolving 
vertices. Under this operation a graph I with a vertex V? of degree dọ > 3 is 
transformed into a graph T” with the same set of edges and the same vertices except 
V°, which is split into dy degree one vertices. More precisely, the equivalence class 
corresponding to the vertex V° is substituted with dọ single-element equivalence 
classes. All other vertices remain unchanged. In this way all edges joined at V? 
become pendant in the new graph. Using the dependence on the magnetic fluxes, 
the M-function for I’ can be determined, provided V° e aF and that it is not a 
bottleneck (which we will define in Definition 22.8). Applying the peeling procedure 
to the pendant edges in T” the original graph reduces to a strictly smaller subgraph. 
Repetition of his procedure leads to two possible scenarios: 


e the whole graph T and the potential q on it are reconstructed; 
e the process terminates before the whole of I" is reconstructed. 


In other words, not all graphs can be reconstructed starting from just one contact 
vertex—this is not surprising. We call the subgraph which is reconstructable starting 
from a certain contact vertex by the infiltration domain. To accomplish the 
reconstruction one has to start again from another contact vertex and repeat the 
described procedure until the whole of I’ is recovered or the remaining subgraph is 
easy to handle. 

Finally in Chap. 23 we solve first the inverse problem for the loop and lasso. 
This result implies in particular that loops in arbitrary graphs cause non-uniqueness, 
which cannot be removed using the trick with the magnetic flux. We proceed to 
arbitrary graphs with one cycle in order to illustrate how the MBC-method works 
and prove its effectiveness in the case of two vertices on the cycle and its redundancy 
for any higher number of vertices on the cycle. The reason for redundancy is trivial: 
any three points on a cycle dismantle it into three parts, each pair having one 
common vertex, allowing one to solve the inverse problem using the conventional 
BC-method (without involving magnetic fluxes). 
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We have thus described our strategy towards solution of the inverse problem for 
graphs with cycles. To guarantee a unique solution of the problem we shall use two 
types of additional conditions: 


(1) conditions of a topological nature, satisfied or not satisfied independently of the 
edge lengths and the value of the potential q; 

(2) generically satisfied conditions having spectral character ensuring that the 
singularities of partial M-functions do not coincide. 


These conditions will not always be optimal, but the necessity of such conditions 
will be clear from the explicit examples. 


21.2 Dismantling Graphs I: Independent Subtrees 


21.2.1 General Strategy 


In this section we are going to assume that the M-function for a Schrödinger operator 
on a finite compact pendant free metric graph I is given. It is associated with a 
given nonempty set of contact points ðI. As before our aim is to recover the metric 
graph, the (electric) potential g and the vertex conditions. We are going to assume 
standard vertex conditions at all contact vertices, hence only the vertex conditions 
at the internal vertices (not from dI) need to be recovered. 

To solve the inverse problem we are going to reduce it to the inverse problem on 
a collection of (sub)trees spanning the original metric graph. The inverse problem 
for trees is already solved (see Chap. 20). The reduction can be formally divided 
into two steps: 


e geometric reduction: 
dismantling the original metric graph into a collection of subtrees; 

e analytic reduction: 
recovering the M-functions for the subtrees from the M-function for the original 
graph. 


Let us remember that the contact set dT for a tree T contains all its pendant vertices. 
It is clear that these two steps cannot be separated from each other, especially 
if one is interested in obtaining optimal results: given a metric graph I one is 
interested in finding the smallest contact set Əl, which guarantees solvability of 
the inverse problem. Interconnection between the two reductions is sophisticated, 
hence changing between the two strategies one may obtain rather different results. 

The analytic reduction will be based on the explicit formulas (17.26) and (17.37). 
In order to apply these formulas to inverse problems we shall use the following two 
fundamental results: 


(1) for each singularity of the M-function at least two diagonal entries are singular, 
provided the metric graph is a tree; 
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(2) the singularities and the corresponding residues uniquely determine the M- 
functions. 


The first of these results follows from the fact that each Dirichlet eigenfunction on 
a metric tree is non-zero close to at least two pendant vertices. 


21.2.2 M-functions and Their Singularities 


In this section we prove the aforementioned two important facts concerning M- 
functions and their singularities. 


Lemma 21.1 Let T be a metric tree with the Schrödinger operator Lq(T) deter- 
mined by standard conditions at the boundary vertices oT and arbitrary Hermitian 
conditions at the internal vertices, and let M(\) be the M-function associated with 
all pendant vertices in T. Then it holds that 


(1) every Dirichlet eigenfunction on T is visible, i.e. the corresponding eigenvalue 
ae is a singularity of the M-function; 

(2) every Dirichlet eigenfunction yP on T has non-zero derivatives at (at least) two 
pendant vertices, 

(3) for every Dirichlet eigenvalue aD at least two diagonal elements of M(A) are 
singular. 


Proof Let us prove the lemma for standard vertex conditions first. Consider any 
Dirichlet eigenfunction YP on the tree T. Assume that all its normal derivatives 
vanish at all boundary vertices. This eigenfunction is identically zero on all pendant 
edges as a solution to the second-order differential equation satisfying zero Cauchy 
data (both the function value and the derivative are zero at the corresponding 
pendant vertices). Consider any vertex V? of degree do to which at least dy — 1 
pendant edges are attached. Standard conditions imply that wv?) = 0 and the 
normal derivative on the unique non-pendant edge emanating from V° is also zero. 
Hence yP is identically equal to zero on that edge as well. Continuing in this way 
we conclude that yP is identically zero on all of T. Thus statement (1) is proven. 

To prove statement (2) it is enough to note that the above procedure can be carried 
out even in the case where we initially know that yP has zero normal derivative at 
all except one pendant vertices. 

Statement (3) then follows from the explicit formula (17.37): if two normal 
derivatives of YP are nonzero, then at least two diagonal elements of M(à) have 
singularities at AP. 

To prove the lemma for general vertex conditions we remember that we always 
assume that these conditions at each vertex V™ are given by irreducible unitary 
matrices §” via (4.8). Therefore it is enough to show the following fact: let V? be 
a vertex of degree do and let the eigenfunction yP be identically equal to zero on 
dy — 1 edges joined at V°, then the eigenfunction is also identically zero on the 


522 21 Boundary Control for Graphs with Cycles: Dismantling Graphs 


remaining edge joined at V°. The function yP satisfies the vertex conditions at V° 
if either 


e the Cauchy data on the remaining edge are zero, or 
* one of the vectors from the standard basis in C® is an eigenvector for S”. 


The second possibility does not occur since S” is always assumed irreducible. Zero 
Cauchy data implies that the eigenfunction is identically zero on the remaining edge. 
It remains to repeat the procedure as done above. oO 


Lemma 21.1 cannot be generalised to include arbitrary graphs with cycles due to 
possible invisible eigenfunctions with support not overlapping with the contact set. 

Assume that all singularities of the M-function are known. Then formula (17.37) 
allows one to reconstruct the M-function up to a constant matrix M(Q’). In the 
following lemma we are going to prove explicit asymptotics for the M-function 
allowing us to determine the constant matrix M(A’). 


Lemma 21.2 Under the assumptions of Lemma 21.1, the following asymptotic 
representation for the M-function holds: 


M(—s’) = -sI +0(1), s—> œ. (21.1) 


Proof Formula (19.12) relates the kernel of the response operator to the M-function. 
In particular the asymptotics of M(A) is determined by the short time behaviour of 
the response operator. For short times (less than double the length of the shortest 
pendant edge) the response operator for any tree coincides with the diagonal 
response operator for a collection of |dT| intervals with the potential inherited from 
the pendant edges. Therefore for short times the response operator can be written as 
an integral convolution operator with the generalised kernel 


— 8'(t)I1 + diag {r;(t)}, (21.2) 


where all r;(t) are the kernels of the scalar response operators and are locally 
integrable [43]. 

To use (19.12) we need to take the Laplace transform. Let us first prove the 
representation (21.1) in the case that r; is an L1-function. For any € > 0, by taking 
6 sufficiently small, we can ensure that i |rj(t)| dt < €/2, leading to 


CO 
i ri(tye “dt 
0 


ô lee) 
/ molat f riOldt < e€. 
0 ô 


ee 
<e/2 <Ilrille e7% <e/2 


Awl = 


IA 


Then for s > -1 In the second integral is also less than €/2 and |F; (t)| < €. 


et Ee 
Irie, 


The Laplace transform of 6’(t) is just s. 
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Essentially the same calculations lead to formula (21.1) in the case of the interval 
[0, £] with two contact points xı = £ and x2 = 0: 


Mi M22 
Moo,¢\(—s7) = (ee a | =-sIl+o(1), s—> œ, (21.3) 
[0,4] “*[0,¢1 
where Z is the unit 2 x 2 matrix. The kernel of the response operator contains 6’- 
singularities corresponding to the reflections from the opposite endpoints, but these 
singularities are delayed and therefore do not contribute to the asymptotics of the 
M-function. 

Consider now an arbitrary metric tree T with |dT| pendant vertices. We choose 
any £ > 0 less than the length of any of the pendant edges. Let us denote by T% the 
tree obtained from T by cutting away intervals of length £ from each of the pendant 
edges. Then the original tree T can be seen as a union of Tz and its complement T; 
in T: 


T=T, UT}. 


The graph Tj is just a union of |0T| edges of length £ and the corresponding M- 
function can be written in the block form (in analogy with (21.3)): 


11 12 
M, M, 


M; (=s?) = (ibi we) =-sI+o(1), s— 00, (21.4) 


where the matrices M7 have dimension |ƏT| x |dT| and the unit matrix J has 
dimension 2|dT| x 2|0T|. We are going to use Lemma 18.20 and in particular 
formula (18.34). In our notations the tree Tı has 2|d0T| contact points: the first 
|OT| points corresponding to the inner points on the pendant edges and the second 
|OT| points forming the contact set for T. The graph T2 has |dT| contact points, all 
corresponding to the inner points on the pendant edges in T. Formula (18.34) does 
not have block structure in the current case as all contact vertices in T come from 
the contact vertices in T1: 


-l 
MTQ) = MPO) — M71) (MIG) +M0)) MPO), 


where M>(A) is the M-function for T2. The matrix valued functions M 11 (—5?) 
and M;?(—s?) are asymptotically close to —s/, this follows from (21.4). The 
explicit representation (17.26) implies that the matrix valued function M>(—s7) 
is negative definite for sufficiently large s. Hence the inverse matrix function 
(M}!(—s?) + Mp(—s?)) | is uniformly bounded as s — ow. It follows that 


M?! (=s?) (mi's + M=) MË? (—s?) =0(1), s > 00, 
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where we have taken into account that mM?! (—s?), M}?(—s?) = o(1), which again 
follows from (21.4). 

The asymptotics of My(—s7) coincides with the asymptotics of M *?(—s*) and 
therefore satisfies (21.1). o 


The same result holds for any graph with the contact set given by degree one 
vertices since our proof was based on the explicit representation for the response 
operator for short times. We did not use that M32 (À) is associated with a metric tree. 
To generalise the result to general graphs we need to take into account the degrees 
of contact vertices. 


Lemma 21.3 Let IT be a finite metric graph with the associated Schrödinger 
operator Lg a(T) and let M(A) be the M-function associated with the set dV of 
contact vertices. Let Lq a(T) be defined by standard vertex conditions on oF and 
arbitrary Hermitian conditions at all other (inner) vertices. Then the following 
asymptotic representation for the M-function holds: 


M(-s*) = —s diag {dj}+0(1), s > œ, (21.5) 


where dj is the degree of the contact vertex Vi ear. 


Proof The proof of Lemma 21.2 is based on the relation between the asymptotic 
behaviour of the M-function and short time behaviour of the dynamical response 
operator. For sufficiently short times the response operator for F is diagonal and 
each entry coincides with the response operator for the star graph of degree d;, with 
the potential inherited from I’. The response operator for any star graph coincides 
with the sum of the response operators for single edges since we assumed standard 
vertex conditions at the contact vertices. It follows that the kernel of the response 
operator for small t possesses the representation 


— 6'(t) diag {d;} + diag {r;(1)} 


instead of (21.2). o 


The rest of this section is devoted to describing the solution of the inverse 
problem through the method of dismantling graphs. 


21.2.3 Dismantling Graphs I: Independent Subtrees 


Our goal in this subsection is to study how to solve the inverse problem by 
dismantling metric graphs into subtrees assuming that the magnetic potential is zero. 
Adding a magnetic potential does not help in solving the inverse problem using this 
method. 
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Definition 21.4 We say that a set of vertices dismantles a metric graph T if and 
only if by completely separating the equivalence classes corresponding to these 
vertices the graph T is turned into a collection of (sub)trees T; completely covering 
F; 


Dismantling graphs can be illustrated by introducing Dirichlet conditions at the 
selected vertices. Assume that the vertex conditions at a vertex V? of degree do Æ 1, 
are replaced with Dirichlet conditions. Then the metric graph corresponding to the 
new operator is not the original one, but the graph with the vertex V° separated into 
do pendant Dirichlet vertices. 

It will be convenient to consider the resulting metric trees T; as subsets of the 
original graph. Therefore two different trees may have common points (vertices). 
This happens if their pendant vertices come from the same vertices in the original 
graph, hence trees with common vertices are unavoidable unless I is itself a tree. It 
will be important to distinguish the case where pairs of subtrees have one or several 
common points. 


Definition 21.5 A set of subtrees {T} of a metric graph I is called independent 
if any pair has at most one common vertex. Otherwise the set is called dependent. 


The case of dependent subtrees is more subtle and requires using the Magnetic 
Boundary Control method—this direction will be investigated in Sect. 23.4. We 
restrict our studies here to the case of independent subtrees. 

Formulating our results we shall separate assumptions having topological nature 
(enumerated by numbers) from the generically satisfied spectral assumptions 
(enumerated by letters). 


Theorem 21.6 Let Li ot ) be the standard Schrédinger operator on a pendant free 
metric graph T with a selected non-empty contact set F that dismantles the graph 
into a set of trees {T ;} such that 


(1) no subtree T; has two pendant vertices coming from the same vertex in T; 
(2) the subtrees Tj are independent, i.e. no two subtrees have more than one 
common vertex. 


Then the M-function associated with the contact set OV" generically determines the 
metric graph T and the potential q, provided that 


(a) the Schrédinger operators Een j = 1,2,... with Dirichlet conditions 
at the pendant vertices and standard vertex conditions at all internal vertices, 


have disjoint spectra: 
Dp. Dep. : P 
DZ Ji (21.6) 


Proof The M-function for I is completely determined by the M-functions for the 
subtrees T;. In principle the matrix functions M;(A) associated with the subtrees 
have dimension |dT;| x |dT;|, but we shall see them as |dI"| x |dI"| matrices with 
zero entries corresponding to contact points from ðI \ dT ;. Under this convention 
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the M-function for T is just equal to the sum of the M-functions for the subtrees: 


M(a) = >) Mj(). (21.7) 


J 


We denote by AR (Tj) the eigenvalues of the Schrödinger operator determined by 
Dirichlet conditions at pendant vertices on T; and standard conditions at all internal 
vertices. Formula (17.37) implies that the matrix Herglotz-Nevanlinna functions 
M; (A) may have singularities at AP (T;), every singularity is present in the case of 
trees since every eigenfunction is visible (Lemma 21.1, statement (1)). Moreover, at 
each es at least two diagonal entries of M; (À) are singular (Lemma 21.1, statement 
(3). 

All singularities are preserved in M(A) since the eigenvalues corresponding to 
different subtrees are different (assumption a)). 

To illustrate the structure of the M-function associated with the original graph, it 
will be convenient to use colors. Consider the graph presented in Fig. 21.2 with all 


subtrees coloured (Fig. 21.3). 
Tı 
=> 
Te 
T; e 
T, 


A graph T Dismantled graph 


T2 


Fig. 21.2 Dismantling a metric graph. Red dots—contact vertices in T; black dots—contact 
vertices for subtrees 


T2 


Tı 


NYE 


Fig. 21.3 Coloured subtrees 
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In the formula for M(A) we colour the entries corresponding to different subtrees: 


M(\)= 
M1+4M°|M! Mt+| Mt M5 
M M+M’ M! M! Me Me 
M Mi MM! + M? |M? M? M? 
M MT MH MM? M? 
M?+M2|M2+M2|Me M? 
M? M? (M3+M?2 | M3 M? 
M°’ M3 M5 [M3 M3+M° M°’ 
M” Me Mt M® | M4+°+M6 


The zero entries are left empty in the formula above. 

Our next step is to identify the non-disjoint subsets dT; C oI and sort the 
Dirichlet eigenvalues IP) into disjoint subsets corresponding to T;. Consider 
first a), This is the lowest Dirichlet eigenvalue and therefore it is a ground state 
for one of the trees. The corresponding eigenfunction has non-zero derivatives at all 
pendant vertices of the subtree. Hence taking all contact points from dT for which 
the corresponding diagonal entry of M()) is singular at à = aP T) we get all 
contact points for one of the trees. Without loss of generality we denote this set by 
oT). 

Let us continue with aP (D). There are two alternatives: 


(1) aP) is the second lowest Dirichlet eigenvalue on T4; 
(2) Mr) is the lowest Dirichlet eigenvalue for another subtree. 


To distinguish these cases we identify which diagonal entries of M(A) are singular 
at à = aP (T). The first alternative occurs if MAP T)) is singular at the vertices 
from ƏT; and nowhere else. We get the second alternative if at most one of the 
singular entries correspond to a vertex from dT, and all other entries correspond 
to vertices outside 0T,. In the second case we form the new set dT» containing all 
vertices where the diagonal elements of M(A) are singular at à = aP (T). 

This process can be continued. Assume that the sets 0T;, 0T2,..., ƏT, have 
been identified and we are about to consider aP T ), n > m. We again have two 
alternatives: 


(1) a is one of the higher Dirichlet eigenvalues on one of the T;, j = 1,...,m; 
(2) aP is the lowest Dirichlet eigenvalue for a new subtree Tm+1. 


The second alternative is selected if the diagonal of MAP) has at most one singular 
entry at the vertices corresponding to each 0T;, j = 1,...,m. In that case we 
build a new set 0T),+1, otherwise aP is added to the set of Dirichlet eigenvalues 
for one of the selected subtrees. In a finite number of steps all contact sets dT; are 
identified. Any two sets dT; and 0T;, j # i have at most one common point. 
Then all Dirichlet eigenvalues are sorted into the disjoint sets yp (T;)} using the 
fact that the eigenfunctions on T; have at least two non-zero normal derivatives at 
the vertices from dT; and the subtrees are independent. 


528 21 Boundary Control for Graphs with Cycles: Dismantling Graphs 


The obtained information together with formula (17.37) (or equivalently (18.7)) 
allows us to reconstruct M; (À) up to the constant matrices A; = M; A): 
à 
aP- AXAR- a) 


Mj()=Aj+ >> (Up lar )ecaryaVe lar, (21.8) 


AR (Tj) 
subject to 


SoA; =M’). (21.9) 
j 


It remains to determine the Hermitian matrices A;. The representation (21.1) 
implies that the matrices A; (as well as the matrix M(A’)) are uniquely determined 
provided the singular part in (21.8) is known: 


2 1 
i s +À D D 
a= a| 2, eagan e aont =s 
naj 


(21.10) 


Here J; denotes the diagonal matrix with entries equal to 1 at positions corre- 
sponding to vertices in dT; and 0 otherwise. Note that the asymptotics of M(A) 
is determined by the degrees dm = d(V”) of the contact vertices: 


M(-s7) = —diag{d(V")} + 0(1), s > œ. (21.11) 


The M-functions for the subtrees determine the subtrees and the potential there 
(Theorem 20.21). Here it is important that we assumed standard vertex conditions 
everywhere. Having the subtrees in our hands together with the sets dT; allows 
us to reconstruct the original graph I’. The subsets dT; C oI indicate how to glue 
together the subtrees. Then the Schrödinger operator on I is obtained by introducing 
standard vertex conditions at the contact vertices. o 


Let us note that we never explicitly used in the proof that the vertex conditions at 
the internal vertices are standard, the only fact we needed is that the M; (à) deter- 
mine the corresponding trees. Theorem 20.21 states that under mild assumptions 
on the vertex conditions the M-function determines the tree, the potential q and the 
vertex conditions at internal vertices. Hence we have in fact proved the following 
stronger result: 


Theorem 21.7 Let LS aT) be a Schrödinger operator on a pendant free metric 
graph T with a selected non-empty contact set oT that dismantles the graph into a 
set of trees {T ;} such that 


(1) no subtree T; has two pendant vertices coming from the same vertex in T; 
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(2) the subtrees T ; are independent, i.e. any two subtrees have at most one common 
point. 


Let the vertex conditions determining the Schrédinger operator LS (I) be gen- 
eralised delta couplings (see Sect. 3.7) at all internal vertices and standard at all 
contact vertices oT. 

Assume in addition the following generically satisfied assumption: 


(a) the Schrödinger operators E j= 1,2,... with the vertex conditions 
at the internal vertices inherited from T and Dirichlet conditions at the pendant 
vertices have disjoint spectra 


aP TAT), ji (21.12) 


Then the M-function associated with the contact vertices generically determines the 
metric graph, the potential q and the vertex conditions at internal vertices. 


Problem 92 Check that the proof of Theorem 21.6 can be adapted to justify 
Theorem 21.7. Point out all necessary changes. It is assumed that the vertex 
conditions at the inner vertices are generalised delta couplings, why it is not enough 


to require that conditions at internal vertices are asymptotically properly connecting 
(see Definition 11.4)? 


The conditions of the above theorem are not optimal. Let us go through all 
assumptions of the theorems discussing how they can be weakened without much 
affecting the proof: 


e the standard conditions at the contact vertices may be substituted with any other 
Hermitian conditions; to be able to recover these conditions one has to assume 
that any single reflection coefficient is enough for the reconstruction; for example 
delta couplings may be assumed there; 

e the generalised delta couplings at the internal vertices may be substituted with 
arbitrary asymptotically properly connecting conditions, but the proof has to be 
modified since we can no longer use that the ground state eigenfunction for the 
Dirichlet operators on a subtree have non-zero derivatives at all contact vertices 
(see Problem 93); 

* one may allow some of the T;’s to have two pendant vertices coming from the 
same vertex in the original graph—this is equivalent to allowing the subtree to 
have cycles; remember that the T;’s are treated as subsets of the original graph 
(see Chap. 23); 

e one may also allow some pairs of T;’s to have more than one common 
vertex—this case will be studied later on using Magnetic Boundary Control (see 
Sect. 23.4); 

e the requirement that the spectra of Led j) are disjoint can be weakened by 
allowing common eigenvalues for trees lying far away in I’; this is similar to 
what has been done in [409], reconstructing graphs from their spectra via the 
trace formula. 
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As acorollary of Theorem 21.6 we may prove that the graph and the potential on 
it are uniquely determined by the M-function associated with all vertices. 


Theorem 21.8 Let be oT) be the standard Schrödinger operator on a metric 
graph T without loops or parallel edges. Assume the generically satisfied condition 
that 


(a) the Dirichlet Schrodinger operators LP (En), n = 1,2,...,N on the edges 
have disjoint spectra 


(Ej) APE), J Fi. (21.13) 


Then the M-function associated with all vertices in I determines the metric graph 
T and the potential q. 


Proof To prove the Theorem we need to check that all conditions of Theorem 21.6 
are satisfied. The graph’s edges form the simplest possible trees. Non-existence of 
loops implies condition (/). The subtrees are independent (condition (2)) because 
parallel edges are excluded. o 


Problem 93 Prove Theorem 21.7 assuming that the conditions at internal vertices 
are asymptotically properly connecting but are not necessarily generalised delta 
couplings. 
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Chapter 22 A 
Magnetic Boundary Control I: Graphs ga 
with Several Cycles 


This is the first chapter devoted to the Magnetic Boundary Control method (MBC- 
method). It appears that this method can effectively be applied to graphs having 
several independent cycles, while graphs with just one cycle may require special 
attention and are described in the following chapter. The MBC-method is based on 
the following idea: using the dependence of the M-function on the magnetic fluxes 
one may recover the M-function for the graph on the same set of edges but with some 
of the cycles being opened. In some sense the new graph is closer to a tree than the 
original graph. For example, consider an arbitrary graph I and some contact vertex 
V° having sufficiently large degree do > 3. Let T” be the metric graph obtained from 
I by splitting the vertex V° into dọ degree one vertices. We say that the vertex V? 
is dissolved. The M-function for known for some different values of the magnetic 
fluxes determines the M-function for T”. Then the classical BC-method can be used 
to recover the potential on the pendant edges in T”. Peeling these edges away as 
described in Chap. 20 we reduce the inverse problem to a smaller graph. For some 
graphs, by repeating the procedure the inverse problem is reduced to the inverse 
problem on a tree and therefore can be solved completely, while for other graphs 
the procedure terminates, leaving a major part of the graph unknown. 

We develop here ideas proposed in [334, 336], it might be interesting to see 
connections with [453]. 


22.1 Dissolving the Vertices 


Let us study how to determine the M-function when one of the vertices is dissolved. 


Definition 22.1 We say that the metric graph I’; is obtained from a metric graph T 
by dissolving a certain vertex V? in I if: 


e the metric graphs I and I; share the same set of edges {EE E 
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Fig. 22.1 Dissolving a 
vertex 


V° v? 


Fig. 22.2 Breaking cycles by 
dissolving vertices ye 


VQ 


e the endpoints connected at V° in T form degree one vertices in T1; 
e all other vertices in I and I’; coincide. 


See Fig.22.1 where the dissolving procedure is presented schematically. The 
green area represents the part of the graph which is not affected by the procedure. 
The degree four vertex V° is substituted with four degree one vertices V',..., V+. 

We are going to exclude the case where dissolution of V° disconnects the original 
graph. Then the number of cycles in the original graph F and in the new graph T1 
differ by dy — 1: 


A(T) =N+1-M; 


Adi= M +1-M => Bil) — fiC) = do- 1. (22.1) 
Ce Se 
=N =M-+do-1 


In other words, dissolution of V? breaks precisely do —1 cycles in the original graph. 
This number does not depend on whether the vertex V° is situated well inside the 
graph or on its periphery (see the two graphs presented in Fig. 22.2). 

Our goal is to compare the M-functions 


MA) :=Mp(aA) and My (A) := Mp, (A) 


corresponding to I and I; respectively. In our context these functions depend not 
only on the spectral parameter À but also on the magnetic fluxes. Let us denote by ® 
and Ë! the vectors collecting all fluxes for I and T4, respectively. Every cycle in T1 
corresponds to a certain cycle in I’, hence one may naturally assume that the entries 
in the vector ®! correspond to certain £1 (T1) entries in the vector ®. The remaining 
Bi") — Bi (11) = do — 1 entries in ® correspond to the cycles that are broken under 
the dissolution of V°. It will be convenient to denote the corresponding fluxes by 
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@2, so that we have: 
b = (6!, 62). (22.2) 


We assume from now on that the fluxes &! through the preserved cycles are fixed 
and omit indicating the dependence of the M-functions on ĝl. 

We denote by V!,..., V® the pendant vertices in T4 coming from the vertex 
V° in T and let Cj be a path connecting y% to Vİ, j = 1,2,...,do — 1. The 
paths on I; correspond to the cycles in I’, that are broken under the dissolution. 
The corresponding fluxes are 


vi 
Oj = f a(y)dy = Í, a(y)dy, j=1,2,...,dọ— 1. (22.3) 
: ydo 


fi 


These fluxes form the vector ®?. It will be convenient to view ®2 as an element of 
R® despite that only do — 1 of its coordinates may be non-zero: 


p? = (®1, ®2,..., Bay_1, 0). 


To reconstruct the M-function for I’; it is enough to consider the fluxes equal to 
0 and x, therefore we introduce the notations 
u; := 6i, jf =1,2,..., db; 


® 


. (22.4) 
H = (U1, U2, -< , Udy) =O 


and consider the M-functions depending on the indices ju j instead of the phases © ;. 
To get the corresponding spectral data it is enough to consider the standard operators 
with zero magnetic potential and additional signing conditions (3.43) introduced on 
some of the cycles. These operators will be denoted bo i) and called signed 
Schrödinger operators. 


Our first step is to establish the relation between the diagonal element 
MM (A, p) =: MA, u) 


associated with the vertex V° and the diagonal dp x do block of Mı (A, m) associated 
with the degree one vertices in T1 (coming from V?). We shall find an explicit 
relation between the scalar Herglotz-Nevanlinna function M(A, w) and the do x do 


matrix valued Herglotz-Nevanlinna function Mı (A, mw) := {Mi (A, m} A 
t, J= 
The dependence of Mı (å, w) upon p is trivial: 
MA, ©?) = diag {u ;} M1 A, 1) diag{u; Y, 1=(1,1,...,1). (22.5) 
i ; 


=diag {u j} 


534 22 MBC-Method I: Graphs with Several Cycles 


To see this, let us eliminate the magnetic potential starting from V“ by using the 
transformation 


Fx) glx) = ev PY FO), 


Under this transformation we have 
FVD = éP gV) = ajg t), 
implying 


fOD g(V!) 
= diag {uj} 
f(V%) g(V%) 


which leads to (22.5). 
The diagonal entry M(A, m) is equal to the sum of all entries in M (A, m): 


do 
MQ) = J miuj MJQ, D. (22.6) 
00 i,j=1 ts 
=M (à, u) =M/(A,D 


This formula determines the M-function for any signed operator on I through the 
M-function for T4. 

The key idea behind the reconstruction of M from M is to use formula (17.37), 
which expresses each of these two Herglotz-Nevanlinna functions through the 
normal derivatives of the Dirichlet eigenfunctions, i.e. the eigenfunctions satisfying 
Dirichlet conditions at V? in T and at vi, ..., V% inr 1- These eigenfunctions 
simply coincide since the Dirichlet condition does not feel whether pendant vertices 
are glued together or not. 

Let yP denote the eigenfunction corresponding to zero fluxes through the broken 
cycles. These eigenfunctions can be chosen real-valued since they satisfy standard 
and Dirichlet vertex conditions and the fluxes in @! are all either 0 or 7. Then the 
normal derivatives of the Dirichlet eigenfunctions for non-zero fluxes are given by 


jaw? VI), 


implying in particular that the normal derivative at V° is 


do 
do mjay V’). (22.7) 


j=l 
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It follows that the singularity of M(å, m) is of the form 


1 
M(A, m) ~ > Hi bh jIVy (V' dyn (V!) 


asad aD 


a(S (ov? ye J Sanjay? (vayP(v)), 


= i,j=l, 


ifj 
(22.8) 
where we have used that dy? are real-valued. 


Introducing the notation a; := ayP (VÍ), we are faced with the following trivial 
problem: 


° Determine a; if the numbers 


( a1 a2 eats ddo 1+ an) 


are known for all possible combinations of the signs. 


It is clear that this reconstruction is possible only up to the multiplication of all aj 
by —1, which corresponds to the multiplication of the corresponding eigenfunctions 
by —1. 

The sum of the squares can be obtained by averaging over all possible signs: 


do 


2 
Da aj = I = (uiai + M242 + +++ HUdo—14do-1 + ad) : 
i) we({1,—1}0-! 1) 

(22.9) 


Hence we are able to determine the following combinations of the a;’s 


do do : do 


) Hih jaaj = X uiai — a. (22.10) 
Pag i=l i 
i,j=l, 

iAj 
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We recover the products by averaging a second time 


1 
akai = zg 5 Ypinjaia; |, kAL (22.11) 
pell, 1-11), | ij=1, 
Hk=LI ifj 


The product aya; = ajax appears in the double sum precisely 2”~! times, while all 
other products cancel since ju; 4; attains +1 and —1 equally many times. 

If at least three of the coefficients are nonzero, then the squares a? are determined 
as 


a. (aiaj) (aiai) 


; Gar provided aj, a #0. (22.12) 
j 


We are able to recover one nonzero aj up to a sign, but then all other non-zero 

coefficients are determined from the products a;a;. We conclude that if the squared 
2 

sums Se njaj) are known for all w of the form u € ({1, —1}®%7!, 1), then 

the coefficients a; are determined up to a common sign. 


It follows that the diagonal element M(A, w) known for all u € ({1, —1}®%7!, 1) 
determines the vector 


ay, = (ayp VD, IPPP, aye) , 


up to the common sign, hence the singular part of Mı (À, 0) is determined, which as 
before allows us to reconstruct it up to the constant matrix A, yielding 

AK 
OP =A)GR =A) 


Mi(A,0)=A+ ` 
ar) 


(VP a.) aP (22.13) 


To determine A we remember that the M-function possesses the asymptotics 
Mı (=°, 0) = =s l +0(1), s>o, 


(see (21.5)). We are now ready to prove the main result of this section: 


Theorem 22.2 LetT be a pendant free metric graph with contact set including the 
vertex V°, and let T; be the metric graph obtained from V by dissolving the vertex 
V°. Assume that 


(1) the graph Tı, and hence also the graph T, is connected; 
(2) the degree do of the contact vertex V° is at least three: do > 3. 
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Let L3 a be the standard magnetic Schrödinger operator. Consider the M-functions 
for F and YT, dependent on the spectral parameter à and the magnetic fluxes 
through the cycles d= (o!, 2), where, following (22.2), &! collects the fluxes 
corresponding to the cycles that are preserved under the dissolution of V°. 

Assume in addition two generically satisfied assumptions: 


(a) the spectrum of the Dirichlet operator on I; is simple; 
(b) for each Dirichlet eigenfunction yP on T; the normal derivatives at the pendant 
vertices (coming from V?) possess the following property: 


e among the normal derivatives either all derivatives are zero, or at least three 
derivatives are different from zero. 


Then for any fixed D! e {0, w}Pi TD the |Əl| x |ð] matrix valued M-function 
Mr (A, ®) taken for all possible values of D? € {0, 1}! determines the (ƏT | + 
do — 1) x (JOT | + do — 1) matrix valued M-function Mr, (A, o!). 


Proof We are going to assume that the magnetic fluxes o! through the cycles in 
Tı are fixed, and will omit indication that the M-functions and the eigenfunctions 
depend on o!. 

Let us present the M-function for I; in the following block form separating the 
preserved and pendant vertices 


(22.14) 


00 01 
MQ) = e seer ae 


M! (a) M! (a) 


where the quadratic dy x do block Me corresponds to the pendant (originating 
from V°) vertices in Ty and Mj! is the quadratic (|a"]| — 1) x (ja'| — 1) block 
corresponding to the preserved vertices VÝ from T, VI 4 V°. 

The first diagonal block MM (A) coincides with the matrix Mı already recon- 
structed above. The second diagonal block M!! (à) coincides with the corresponding 
block in the M-function for I. 

It remains to reconstruct the non-diagonal blocks having the singularities deter- 
mined by dWP(V‘)awP(V/) with i = 1,2,...,dọ and V/ being one of the 
preserved vertices. Knowing the corresponding singularity in the 0j-entry of the 
original M-function 


do 
ayp VH | Soe auP(v' |, (22.15) 


i=l 


—— 1 
MIA, ~ = 
asad Ag —A 


allows us to reconstruct ayp (VA). 
Hence the blocks Mol and M w are determined using formula (17.37) and taking 
into account the asymptotics (21.5). o 
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The theorem implies that the M-function for I"; can be recovered, provided the 
M-functions of all signed operators on I are known. 

Theorem 22.2 can be proved for any fixed È! not necessarily from {0, m}! TD, 
The reason we restrict our statements to ®! € {0, 2}?! is that only those values 
of ®; will be used when we shall dissolve further vertices. 

The assumption that at least three normal derivatives are non-zero can be 
weakened, one may require instead that the eigenfunction yP has non-zero normal 
derivatives at one of the preserved vertices. 


22.2 Geometric Ideas Behind the MBC-Method: First 
Examples 


In this section we discuss how to apply the MBC-method to solve inverse problems 
for metric graphs. As before we assume that the original graphs have no pendant 
edges. We start by presenting examples when the whole graph can be reconstructed 
starting from one vertex. We then continue by discussing what may prevent 
complete reconstruction of the graph. 


Example 22.3 Consider the graph presented in Fig.22.3 and assume that the 
contact set consists of the single vertex V. Dissolving the vertex V and peeling 
away the pendant vertices we arrive at a smaller graph. Repeating the procedure 
by dissolving the vertices V’ and V” the inverse problem is reduced to a tree with 
all pendant vertices in the contact set (see the upper sequence in Fig. 22.3). The 
MBC-method allows us to solve the inverse problem for this graph. 

The inverse problem for this graph can be solved by dissolving the vertices V, 
V*, and V™ instead (see the lower sequence in Fig. 22.3). The resulting graph is the 


Fig. 22.3 The whole graph may be reconstructed by the MBC-method 
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Fig. 22.4 Reconstruction is 
terminated by degree two 
vertices 


Fig. 22.5 Reconstruction is 
terminated by the bottleneck 


cycle with 3 contact points—the inverse problem is again solvable by dismantling 
the cycle into three intervals (see Sect. 21.2). 


This example shows that the MBC-method allows us to solve the inverse problem 
for rather complicated graphs with arbitrary number of cycles and very few contact 
points. 


Example 22.4 Consider the graph presented in Fig.22.4 and assume that the 
contact set is given by the vertex V. Dissolving the vertex V and peeling away 
the pendant vertices we arrive at a graph with three contact vertices, each having 
degree 2. Theorem 22.2 cannot be applied to such vertices; the fat edges form a 
wall separating already reconstructed edges from the rest of the graph. Note that the 
graph in Fig. 22.4 is obtained from the graph in Fig. 22.3 by removing two internal 
edges. 


Example 22.5 Figure 22.5 presents another graph with a single contact vertex V. 
After dissolving V and removing the pendant edges we get the graph with three 
vertices. We may dissolve only the vertex V’ as the remaining two contact vertices 
have degree two. This leads to a graph with three contact vertices: two degree two 
vertices and one bottleneck vertex V”—dissolution of this vertex would disconnect 
the graph (see Definition 22.8). The inverse problem for the remaining graph cannot 
be solved by dismantling it, since the corresponding trees are not independent. Note 
that the original graph in this example is again a slight modification of the graph 
presented in Fig. 22.3. 


It is not surprising that not all pendant-free graphs may be reconstructed starting 
from a single contact vertex—the described procedure may terminate immediately 
or after a few steps. As Examples 22.4 and 22.5 show, there are two reasons for the 
termination 


e degree two contact vertices; 
e bottlenecks. 
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Problem 94 Find new examples of graphs that can be reconstructed by dissolving 
vertices, starting from a single contact vertex. 


22.3 Infiltration Domains, Walls and Bottlenecks 


Let us have a closer look at how graphs or at least parts of them may be reconstructed 
using the method presented in Theorem 22.2. 


Definition 22.6 Let T be a finite compact pendant free metric graph with contact 
set OI’. Consider any single contact vertex VÍ € dF and apply the MBC-method 
by dissolving V/ and the new contact vertices appearing after peeling away the 
pendant edges. We repeat this procedure until it terminates or the whole graph T is 
recovered without involving the other original contact vertices from dF \ V/. The 
maximal subgraph D; C I recovered in this way is called the infiltration domain. 
The MBC-method determines not only the metric subgraph Dj but also the potential 
q on it. 


Of course we do not exclude the case where the infiltration domain coincides with 
the whole original graph I’, but we are also interested in the mechanisms preventing 
this. 

Our first observation is that the reconstructed domain may depend on the order in 
which the vertices are dissolved (see Example 22.3). The infiltration domain using 
V, V*, and V** is smaller than the infiltration domain obtained by dissolving V, V’, 
and V”. 

In what follows we are going to choose the largest possible infiltration domains— 
this will be our convention for the rest of this chapter. 

For metric graphs it is natural to modify the notion of the set complement as 
follows. 


Definition 22.7 Let Tı = (E1, V!) be a subgraph of the metric graph T = (E, V). 
Then graph’s complement T° \ F1 =: T2 is the metric graph on the edge set E2 = 


E \ E and the vertex set V? = {yy \ very yr 
me 


In other words, the complement graph is built from all edges in F that are not 
edges in I"): the connections between the edges are inherited from I’, that is two 
edges in I’ \ T4 are connected at a vertex if they were connected at the same vertex 
in I’. The corresponding equivalence class simply loses all endpoints of edges that 
belong to I"). Note that graph’s complement may have non-trivial intersection with 
the original graph: it consists of all vertices that belong to both Tı and F \ T1. These 
vertices form the boundary of I"; with respect to the original graph T: 


are rif I(r AT): (22.16) 
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Fig. 22.6 Bottleneck 
prevents dissolution (see 
Definition 22.8) 


aor 


It consists of all vertices in I that belong to both rı and T2. Another way to 
characterise the subgraph’s boundary is 


p= pe eT): degr, (V”) < degr (V™)}, (22.17) 


where degr and degr, denote the degrees of the vertices with respect to I and to T1 
respectively. 

Let an infiltration domain D; be determined. Then for every vertex from 
the boundary drDj; at least one of the two topological conditions required by 
Theorem 22.2 fails to be satisfied: 


(1) Dissolution of the vertex disconnects the complement graph. 


Consider the example presented in Fig. 22.6: V° is the original contact vertex, 
V! is a new contact vertex; dissolving V! the complement graph falls into two 
disconnected components, the infiltration domain Do is marked by red with V! 
being its unique boundary vertex. 
(2) The degree of the vertex in the complement graph equals 2. 

Consider the example presented in Fig.22.7. The infiltration domain Do 
corresponding to the original contact vertex V? is marked in red. The four 
boundary vertices V!, V7, V3, V4 have degree two (with respect to the graph 
complement to Do) and therefore cannot be dissolved. The edges attached to 
these vertices (marked by fat red curves) can be seen as a wall surrounding the 
infiltration domain. We do not assume that walls belong to infiltration domains. 


Degree two vertices are excluded in the original graph (they can be removed 
since we assume standard vertex conditions), but such vertices may appear after the 
reduction. 


Definition 22.8 A vertex V° in a connected graph is called a bottleneck vertex if 
dissolving this vertex the graph becomes disconnected. 
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Fig. 22.7 Degree two 
vertices prevent dissolution 


A 


Fig. 22.8 Graph with a 
bottleneck vertex 


This notion is close to that of bridges in a graph—edges whose removal makes 
graph disconnected. Bottleneck vertices for metric graphs play a role analogous to 
the bridges in discrete graphs. Consider the graph presented in Fig. 22.8. Only the 
vertex V! is a bottleneck. 

One should not think that the resulting graph always has just two connected 
components, see for example the initial graph in Fig. 22.6. 


Definition 22.9 Let D be an infiltration domain in a metric graph I’. Then the 
domain’s wall W; is the union of all edges in the complement to D connected by 
at least one of the endpoints to the boundary ð D (with respect to the original graph 
T). 


Consider the graph in Fig. 22.7. The infiltration domain is marked in red and is 
given by the 4-star. The boundary is given by the pendant vertices in the star—the 
vertices V!, V2, V3, V4. The wall is marked by thick red lines and form a single 
cycle connected via 5 other vertices to the rest of the graph. 

With these definitions one may say that every infiltration domain is separated 
from the rest of the graph by its wall and the set of bottleneck vertices. Note that the 
two edges connected to degree two bottleneck vertices belong to the wall. 

Bottlenecks connecting more than two components in the original graph always 
remain if the graph is reduced starting from a single contact vertex and therefore 
prevent further expansion of infiltration domains (see Fig. 22.6). On the other hand 
bottlenecks connecting just two components in the original graph are not dangerous 
and disappear, provided the degree of such vertices with respect to each of the graph 
components is not 2 (see Fig. 22.9). 

One should not imagine that the infiltration domains are always surrounded by 
walls as in Fig. 22.7—such a picture is suitable for planar graphs only. In fact any 
metric graph may serve as a wall; the only restriction is that every edge should be 
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Fig. 22.9 Degree two bottlenecks may allow dissolution 


DPA 


Fig. 22.10 Any metric graph could be a wall 


2 
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Fig. 22.11 The infiltration domain for the graph K3 3 


connected by one of the ends to a degree two vertex. Let us return to the graph 
presented in Fig. 22.3, as shown in Fig. 22.10 this graph serves as a wall for the 
infiltration domain on a larger graph. One places degree two dummy vertices in the 
middle of each edge in the original graph and connects all these vertices by a star. 
The middle vertex in the star serves as a contact vertex for the new larger graph. 


Example 22.10 Consider the graph K3,3—the complete bipartite graph on three 
vertices presented in Fig. 22.11. Assume without loss of generality that V4 is a 
contact vertex. Dissolving the vertex and peeling the three pendant edges we get 
three new contact vertices V!, V*, and V3. The procedure stops since all these 
vertices have degree two with respect to the remaining graph. It follows that 
the infiltration domain is just this 3-star. What is interesting is that the whole 
remaining graph forms the wall for the infiltration domain. The wall can be seen 
as a watermelon graph on three parallel edges with extra contact vertices in the 
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Fig. 22.12 Graphs with disjoint infiltration domains and with (a) a common wall; (b) partially 
common walls; (c) disjoint walls; (d) disjoint walls 


middle of the edges. We see that the wall not only contains cycles but also that these 
cycles are not independent. 


We summarise our studies of infiltration domains as 


Observation 22.11 Consider any infiltration domain and its wall in a finite graph 
T. The following possibilities may occur 


(1) the infiltration domain coincides with T, so the wall is empty (e.g. Fig. 22.3 
(upper figure)); 

(2) the infiltration domain and its nonempty wall cover T (e.g. Fig. 22.11); 

(3) the infiltration domain and its nonempty wall form a proper subgraph ofT (e.g. 
Fig. 22.7); 

(4) the infiltration domain does not cover T but the wall is empty (e.g. Fig. 22.6). 


One may continue these studies by investigating how two infiltration domains 
and their walls may be situated in relation to each other. See Fig.22.12 for 
illustrations. Note that two subgraphs are considered disjoint if they share no more 
than a finite number of points. 


22.4 Solution of the Inverse Problem Via the MBC-Method 


The idea behind solving the inverse problem for general graphs is to find a sufficient 
number of contact vertices so that the corresponding infiltration domains cover, or 
almost cover, the original graph. In other words we are going to assume first that the 
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skeleton 


S:=T\| U D; (22.18) 
Viear 


is empty or sufficiently thin. Remember that graph complement is understood in the 
sense of Definition 22.7. We shall present theorems providing sufficient conditions 
for graph reconstruction, the theorems will be ordered so that the skeleton gets 
less thin. Naturally in each new theorem stronger assumptions on the spectrum or 
eigenfunctions will be required. As before we distinguish topological assumptions 
(enumerated by numbers) from spectral ones (enumerated by letters). The spectral 
assumptions are generically satisfied. 

The first result (see Theorem 22.12 below) may seem rather straightforward, but 
to prove it rigorously a few important points must be clarified: 


e In our preliminary discussions introducing infiltration domains and proving 
reconstructability of the potential it was always assumed that the topology is 
known, hence one has to describe how topology of infiltration domains can be 
recovered. 

e In the case of several contact points one has to determine how to couple together 
the corresponding infiltration domains that may (and should) have common 
vertices. 


Theorem 22.12 Let T be a finite compact pendant free metric graph without degree 
two vertices and loops, and let L a be the corresponding standard Schrödinger 
operator. Assume that 


(1) the contact set dV is chosen so that the infiltration domains corresponding to 
each V! € OF cover the original graph T, 


(J D;=r, (22.19) 
Vieor 


i.e. the skeleton S is empty, 


S=. (22.20) 
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Assume in addition the following generically satisfied assumption: 


(a) the Dirichlet eigenfunctions on connected subgraphs! of T do not vanish 
identically on any edge. 


Then the M-function associated with the contact set and known for all possible 
signings (magnetic fluxes ®; = 0, x, i = 1,2,..., pı) determines the graph T and 
potential q. 


Proof Two properties of graph M-functions in the case of standard vertex condi- 
tions will be used: 


(1) Let the metric graph I be fixed and two contact sets dT and d’T be given, so that 
a’T C OT; then the M-function associated with ər determines the M-function 
associated with 0’T (see Sect. 17.3 on hierarchy of M-functions, in particular 
Theorem 17.9). 

(2) Let the metric graph F and the contact set dT be fixed; then the corresponding 
M-function determines the distances between the contact vertices (see Step 1 
below). 


Only the second statement needs a proof. This connection has already been 
established for metric trees (see Theorem 20.9); the same ideas can be applied to 
graphs with cycles as follows. o 


Step 1: M-function and Distances Between Contact Points We will establish a 
relation between the M-function and the distances between the contact points. As 
was the case with trees the simplest way to establish such a connection is via the 
dynamical response operator. Definition 20.7 can be generalised as follows: 


Definition 22.13 Let R’ be the dynamical response operator associated with the 
metric graph F and the contact set dP. Let Vİ and V/ be any two vertices from dT. 
Then the travelling time t(V', V7) between the vertices is given by 


t(V', VÍ) = sup {T : Ry; y; = Of, (22.21) 


T 
where Ryi yi 


vertices V! and V/. 


denotes the entry of the matrix operator R7 associated with the 


' Remember that we consider only subgraphs I’; obtained by selecting several edges in T and 
preserving all possible connections between them, i.e. keeping the equivalence relations given by 
the vertices in I’. The corresponding Dirichlet operator is given by introducing Dirichlet conditions 
at all boundary vertices with respect to I’, i.e. at the vertices in rı which equivalence classes are 
strictly smaller than those in I’. The subgraphs are connected if and only if the Dirichlet conditions 
at the boundary vertices do not make them disconnected. 
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Then Lemma 20.8 is modified as follows: 


Lemma 22.14 Consider the Schrödinger equation on a finite metric graph T with 
standard vertex conditions. Then the travelling time between any two contact 
vertices V' and V? is equal to the distance dist (V', V?) between the vertices. 


Proof of Lemma 22.14 The proof is almost identical to the proof of Lemma 20.8, 
since in determining the travelling time, one checks how the front of the wave 
initiated at the contact vertex V/ spreads along the graph. If the path connecting 
V/ to Vİ is unique, then the front of the wave evolves as if it were travelling along 
a certain tree cut from T: the tree contains the path connecting VÝ with VÝ and 
arbitrarily short but non-zero pendant edges adjusted to each vertex on the path. The 
entry of the response operator associated with the vertices V/ and V‘ contains a 5’ 
term delayed by the length of the shortest path. The waves reflected from the vertices 
and/or coming along any other path are further delayed and do not contribute to this 
singularity. Then Lemma 20.8 implies that the travelling time coincides with the 
distance between the edges. 

Consider the case in which there are several shortest paths connecting the two 
vertices. The same argument as above applies to each path. It follows that the kernel 
of the V’, V/ entry of the response operator contains the sum of delayed 6’ terms 
coming from each of the shortest paths. The amplitude for each term is equal to the 
product of the transmission coefficients from the vertices along the corresponding 
path. In the case of standard vertex conditions, all transmission coefficients are 
positive (see (3.41)), hence contributions from different shortest paths cannot cancel 
each other and the travelling time again equals the distance. o 


Step 2: Recovery of the Infiltration Domains We start by dissolving the contact 
vertex V! leading to the metric graph Tı with dı = degV! pendant edges. 
Choosing any of the pendant vertices, we recover the length and the potential on 
the corresponding edge, which we denote by E1. The length is reconstructed in the 
same way as for trees since for small times the nearest vertex acts as if it were a 
part of a star graph (see Sect. 20.2.2). Let us denote by V’ the vertex to which the 
pendant edge E is attached. Note that V’ cannot coincide with V! since IF has 
no loops. Now the edge E; can be peeled away. The contact set for the new graph 
contains V’ and all dı — 1 pendant vertices. 


Now we turn to the second pendant vertex and reconstruct the corresponding 
pendant edge E? (i.e. its length and the potential on it). The second edge is connected 
to the vertex V’ if and only if the travelling time between the second pendant vertex 
and V’ is equal to the length of £2. If this is the case then the edges Æ; and E were 
parallel. Otherwise we denote by V? the new vertex to which E2 is connected. We 
can peel away the edge E2. 

Repeating this procedure dı times, one gets a new graph I>. All newly-labeled 
vertices turn into contact vertices for r2. The number of contact vertices is between 
1 (all peeled pendant edges are parallel) and dı (no two peeled pendant edges are 
parallel). If is a watermelon, then I"; is a star graph and the reconstruction is 
accomplished since T% is trivial as a metric graph (one vertex, no edges). If T2 
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contains pendant vertices we repeat this procedure until we obtain a pendant free 
graph. 

The dissolution-peeling procedure is applied again to the smaller graph r2. The 
only difference is that the graph may have not one but several contact vertices. 
Therefore each time when a pendant edge is peeled away, one has to compare its 
length to the distance to any of the contact vertices: if the length and the distance 
are equal, then the edge is attached to that particular vertex, otherwise one introduces 
a new vertex to which the edge is attached. 

This procedure stops when either the whole graph T is recovered or all contact 
vertices are either degree two or bottlenecks with respect to the unrecovered part of 
T. The corresponding recovered subgraph of T is the infiltration domain D;. (We 
reiterate that Dı may depend on the order the vertices are dissolved.) 


Step 3: Connecting Different Infiltration Domains Together Starting from 
different contact vertices V!,..., VEI € 3I, corresponding infiltration domains 
Dj are recovered. Under condition (22.19) some of these domains should have 
common vertices. One has to understand how the Dj;’s are connected to each other. 
One should not exclude the case when D; C Dj; for a certain i Æ j. 

Assume that Dı is recovered. It cannot be excluded that some other original 
contact vertices belong to Dj, therefore each time pendant edges are peeled away 
when reconstructing D1, one should not only compare the length of the edge to be 
peeled to the distance between the pendant vertex and any other recovered vertex in 
Dj, but also to all original contact vertices in T: if the length and the distance are 
equal, then the vertex the pendant edge is attached to should be identified with the 
already known contact vertex. 


The same procedure should be applied when any other infiltration domain is 
recovered: peeling away pendant edges one compares the length of the edge to the 
distance to all recovered vertices and identifies the vertex the edge is connected to in 
the case of equality. In this way connections of new infiltration domains to already 
recovered domains are also established. 

Note that when reconstructing infiltration domains, we do not pay attention 
to synergy effects that may come from the interaction between neighbouring 
infiltration domains. This is in order to make the formulation of the theorem more 
transparent. 

Under condition (22.19) the graph I is completely recovered when all infiltration 
domains are determined and it is known how they are glued together. 

In the above theorem the skeleton is assumed to be empty, which guarantees 
direct reconstruction of I from Dj. In the following theorem the skeleton may be 
non-empty but is assumed to be the smallest possible—every edge in the skeleton 
connects the infiltration domains. 
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Fig. 22.13 The skeleton 
(marked by thick black lines) 
may contain cycles and 
non-closed paths 


Theorem 22.15 LetT be a finite compact pendant free metric graph without degree 
two vertices and loops and let Li. q be the corresponding standard Schrédinger 
operator. Assume that 


(1) the contact set Əl > Vİ is chosen so that the union of infiltration domains 
corresponding to vertices in 01 contains all vertices in the original graph T: 


[Bee (22.22) 


Vicor vrev 


Then it holds that every edge in the skeleton S = T \ (U Viear Dj) connects two of 
its contact vertices. 
Assume in addition the following generically satisfied assumptions: 


(a) the Dirichlet eigenfunctions on the connected subgraphs? of T do not vanish 
identically on any edge; 

(b) the spectra of the Dirichlet operators on the edges forming the skeleton are 
disjoint. 

Then the M-function associated with the contact set 0 and known for all possible 

signings (magnetic fluxes ®; = 0, x, i = 1,2,..., By) determines the graph T and 

potential q. 


Proof Assume that the contact set oI is fixed so that all assumptions of the theorem 
are fulfilled. Repeating the proof of Theorem 22.12 we conclude that all infiltration 
domains (including the potential on them) and their connections are recovered. It 
remains to determine the skeleton S and the potential on it (Fig. 22.13). Removing 
all infiltration domains one obtains the M-function for the skeleton associated with 
all skeleton contact vertices coinciding with those vertices in the skeleton which are 
simultaneously boundary vertices for a certain infiltration domain: 


aS=| LJ avd; J ns. (22.23) 
Viear 


Under condition (22.22) every vertex in S is a contact vertex. 


2 See footnote 1 on page 546. 
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If the original graph and hence the skeleton contain no parallel edges, then 
uniqueness of the skeleton and potential on it follows directly from Theorem 21.8. 

To reconstruct the skeleton in the general case we need to modify the proofs 
of Theorems 21.6 and 23.6 and hence of Theorem 21.8. We shall see possible 
multiple edges in S as watermelon graphs W ; connecting two vertices. The Dirichlet 
eigenvalues on the edges give singularities of the M-function for the skeleton. Each 
eigenfunction determines precisely two singularities since the Dirichlet spectra on 
the edges are disjoint (assumption b)) and loops are not allowed. In this way we 
obtain the Dirichlet spectra of each watermelon graph Wj. Similar to (21.8) the 
M-functions are determined up to constant matrices A j 


à= 


D D 
. ; 22.24 
THODA) (OW laS, e0853 Vy las (22.24) 


Mj()=Aj+ >> Gp 
ab wy) 


In this formula we do not require knowledge of the normal derivatives ayP , instead 
we just sum the corresponding singularities in Mg. To determine A; from the 
asymptotics given by (21.11) we need to know the number of parallel edges in each 
watermelon graph Wj. We check whether the singularities of Mw, depend on any 
magnetic flux: if Mw, depends on n fluxes, then the degrees of the vertices in Wj; 
are equal to N; = n + 1. Modifying formula (21.10) we obtain the matrices A; and 
therefore accomplish reconstruction of Mw. 

If no parallel edges are present, then we are done, since we know that the M- 
function for a single interval determines its length and the potential on it. It remains 
to prove that the M-function for a watermelon graph determines the edge lengths 
and the potential on it. 

Suppose W; is a watermelon graph formed by N; edges connecting the vertices 
V! and V?, which we assume to be contact vertices. Tf N; = 2, then the edges form 
a cycle of discrete length two. The reconstruction follows from Theorem 23.4, case 
(2) from Chap. 23. Therefore in what follows we assume that the number of edges 
in the watermelon graph is at least three. Let us remove one of the two vertices, say 
V?, from the set of contact vertices. Dissolving the remaining vertex V! we get the 
M-function for the star graph and can therefore determine the lengths of all edges 
in the watermelon and the potential on it. This completes the proof of the theorem 
since the skeleton is completely recovered. o 


Assumptions (a) and (b) on the spectrum and eigenfunctions are generically 
satisfied in the following sense: assume that potential q on a copy of the real line R 
is fixed. Then choosing the edges E, arbitrarily and in this way fixing the potential 
q onT leads almost surely to a quantum graph with the conditions above satisfied. 
More precisely, the set of endpoints for which some of Dirichlet eigenfunctions 
vanish identically on certain edges is meagre. This can be proved following [82] 
since it is assumed that the graphs do not have loops and the number of subgraphs 
involved is finite. 
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Analysing the proof we see that the assumptions are too restrictive and may be 
weakened without actually changing the proof. We decided not to include such 
weaker but cumbersome assumptions in order to make formulation of the main 
theorem clearer—these assumptions are generically satisfied anyway. The most 
obvious extensions of the theorem are as follows: 


e Instead of assumption (a) it is enough to assume that at least three normal 
derivatives of such eigenfunctions are nonzero at each vertex that is being 
dissolved. This is equivalent to the assumption that the eigenfunctions are non- 
zero on at least three edges emanating from each dissolving vertex. 

e Instead of assumption (b) it is enough to assume that the spectra of the Dirichlet 
operators are disjoint, provided the corresponding edges are either neighbours 
or are separated by a single edge. In other words one may allow common 
eigenvalues for the Dirichlet operators on edges lying far away in the skeleton. 


In the following theorem the skeleton is permitted to be even bigger; nevertheless 
the infiltration domains still cover a major part of the original graph. To compensate 
for the relaxation a new assumption (2) is introduced: it is not generically satisfied 
and has topological nature. In what follows it will be convenient to consider single 
intervals as a special case of star graphs. 


Theorem 22.16 Let TY be a finite compact pendant free metric graph without degree 
two vertices and loops and let Li q be the corresponding standard Schrédinger 
operator. Assume that 


(1) the contact set dV is chosen so that the union of infiltration domains corre- 
sponding to the vertices from ƏT and their walls W; cover the original graph 
Tr 


U (juw)ors U v”; (22.25) 
Vicar ymgy 


(2) the skeleton contains no cycles of discrete length less than or equal to 4. 


Then the skeleton S =T \ (U Vicar Dj) is a union of star graphs joined at skeleton 
contact vertices OS. 
Assume in addition the following generically satisfied assumptions: 


(a) the Dirichlet eigenfunctions on the connected subgraphs? of T do not vanish 
identically on any edge; 

(b) the spectra of the Dirichlet operators on the star graphs forming the skeleton 
are disjoint. 


Then the M-function associated with the contact set Əl and known for all possible 
signings (magnetic fluxes ®; = 0,7, i = 1,2,..., By) determines the graph T and 
potential q. 


3 See footnote 1, page 546. 
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Proof Our first step is to prove that the skeleton is formed by star graphs connected 
at contact vertices. Consider formula (22.23) for the skeleton contact set. Every 
edge in the skeleton belongs to a wall, and therefore at least one of its endpoints 
is contained in Jyjcgp 0Dj;. This vertex must be from 0S, for otherwise the edge 
does not belong to the skeleton. Summing up, every edge in the skeleton has at 
least one endpoint from the contact set 0S. Introducing Dirichlet conditions at the 
skeleton contact points dissolves it into a set of star graphs and single edges, which 
are treated as star graphs as well. 

Repeating the arguments used in the proof of Theorem 22.15, we conclude that 
the M-function for I determines the M-function for S associated with all contact 
vertices from 0S. We are going to use Theorem 21.7 to reconstruct the skeleton, so 
let us check that all conditions in the theorem are satisfied: 


e we have already proven that the contact vertices dismantle the skeleton into a set 
of star graphs—simplest trees; 

e standard vertex conditions (which are a special form of delta couplings) are 
assumed at all vertices; 


(1) cycles of discrete length 2 are forbidden in the skeleton, hence no star graph 
in S has two pendant vertices coming from the same contact vertex; 

(2) cycles of discrete length 2, 3 and 4 are forbidden in the skeleton, hence no 
two star graphs have more than one common vertex; 


(a) itis assumed that the spectra of the Dirichlet operators on the star graphs 
forming the skeleton are disjoint. 


We see that all conditions of Theorem 21.7 are satisfied for the skeleton dismantled 
by the contact vertices into star graphs. Hence the corresponding M-function 
determines the skeleton and the potential on it. This completes the reconstruction 
of I and q. o 


As we already pointed out, Assumptions (a) and (b) are generically satisfied, 
while Assumptions (7) and (2) are related to the topology of IF and the choice of 
Ər. Assumption (2) can be weakened as follows: reconstructing the skeleton we 
have not used dependence of the corresponding M-function on the magnetic fluxes 
associated with the skeleton. One may allow parallel edges and parallel stars. We 
leave this as a problem for the reader. 


Problem 95 Study whether Assumption (3) can be weakened ensuring reconstruc- 
tion of I and q applying the MBC-method to the skeleton. 


Another possible generalisation concerns vertex conditions: it is enough to 
assume that the vertex conditions at the skeleton inner vertices are generalised delta 
couplings (required by Theorem 21.7). 


4 The list refers to conditions in Theorem 21.7. 
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Matryoshka-Type Structure of Reconstructable Graphs It is clear that the 
graphs described by the three theorems above do not exhaust the whole family of 
graphs reconstructable via the MBC-method. Our goal here is to indicate how such 
a family can be described. We are going to focus on topological properties of the 
graphs assuming that generically satisfied spectral conditions are always fulfilled. It 
will be convenient to see any metric graph as a pair (T, T`) consisting of the metric 
graph T and the contact set oP. 


The families of graphs covered by Theorems 22.12, 22.15, and 22.16 have one 
common feature: the inverse problem for the corresponding skeleton has already 
been solved (or can be easily solved). One may determine an inductive procedure 
characterising pairs that are reconstructable by our methods. This procedure brings 
to mind Russian matryoshka dolls. 

Assume that we have already characterised a family Fo of reconstructable pairs, 
for example given by Theorem 22.16. Then we may also reconstruct all pairs whose 
skeletons belong to the original family Fo. Denoting the new family by 7; we may 
repeat our argument and obtain families F2, 73,.... 

Not all pairs are reconstructable: bottlenecks and degree two vertices make it 
impossible to reconstruct certain graphs in the same way that they prevent further 
growth of infiltration domains. In fact every time when the infiltration domain does 
not cover the whole graph we have an example of a metric graph with one contact 
point that does not belong to the family (see Figs. 22.4, 22.5, and 22.7). We provide 
here a few more examples: 


e All graphs with bottlenecks of degree three and higher and contact sets lying on 
one side of the bottleneck are not reconstructable (see Fig. 22.6). 

e Consider the graph presented in Fig.22.14 with contact vertices V!, VŽ, V?: 
the subgraph lo marked by blue colour is connected to the rest via degree two 
vertices and therefore cannot be reconstructed. Adding further peripheric vertices 
does not help to solve the problem. 


Fig. 22.14 Degree two y2 
vertices prevent 
reconstruction 


y1 
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It is clear that the family F = |J, Fn of all reconstructable pairs possesses a 
certain monotonicity property: 
Increasing the contact set the pair remains in the family: 


(T, dF) EF, 
> (P,aT) €F. (22.26) 
Ər caT 


Moreover Theorem 21.8 implies that every pair with the maximal possible 
contact set (consisting of all vertices) is reconstructable, provided the graph has 
no loops or parallel edges. Note that the assumption concerning parallel edges may 
be removed as was done in the proof of Theorem 22.15. 

On the other hand fixing the contact set and making the metric graph smaller 
does not necessarily guarantee constructability: 


T, ar) EF, 
* (I’, ar) € F. (22.27) 
er 


Consider for example the graphs presented in Figs. 22.3 and 22.4: the second graph 
is obtained from the first one by removing two edges. 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


Chapter 23 A 
Magnetic Boundary Control II: Graphs ml 
on One Cycle and Dependent Subtrees 


The MBC-method as formulated in the previous chapter can only be applied to 
graphs with several independent cycles since it is required that dissolving vertices 
leads to at least two cycles being broken. Hence to complete the picture it is 
necessary to understand how to apply ideas of the MBC-method to graphs with one 
cycle. The set of such graphs is rather limited: loops and cycles with several contact 
vertices (remember that we need to look at pendant free graphs only). We present 
explicit procedures proving that the inverse problem for cycle graphs is generically 
solvable, while loops create problems that justify the exclusion of graphs with loops 
in our studies in Chap. 22. The methods we discuss here are specific for graphs with 
one cycle and cannot be directly extended to arbitrary graphs. This is the reason we 
study such graphs in a separate chapter. 

Another result included in this chapter is the generalisation of the dismantling 
procedure presented first in Chap. 21: it turns out that the MBC-method helps to 
solve the inverse problem in the case where subtrees are parallel. This approach is 
close to the solution of the inverse problem for graphs with one cycle. 


23.1 Inverse Problem for the Loop 


23.1.1 On Edge and Loop M-functions 


Our goal here is to establish an explicit connection between the edge and loop M- 
functions. This problem was considered for the first time in [188]. 
Consider any compact edge [x1, x2] and any magnetic differential expression 


Tq,a (see (23.1)) on it. Two possible metric graphs can be formed from this edge: 


the single edge graph poe = T),1 and the loop graph ro? = T12, €) = x2 — x1. 


© The Author(s) 2024 555 
P. Kurasov, Spectral Geometry of Graphs, Operator Theory: Advances 
and Applications 293, https://doi.org/10.1007/978-3-662-67872-5_23 


556 23 MBC-Method II: Graphs on One Cycle and Dependent Subtrees 


The corresponding Schrödinger operators are then uniquely defined if we assume 
standard vertex conditions. An M-function is associated with each of these graphs: 


e the 2 x 2 matrix edge M-function introduced in (5.51) 


Mêise = M pesse; 
4 


e the scalar loop M-function 


Mop = Mp loop 
t 


1 


(see (23.2) below). 


The edge M-function connects together the boundary values for an arbitrary 
solution of the differential equation on the edge, hence it is not surprising that M°2* 
determines M!°°P but the opposite reconstruction is not always possible. 

To calculate the (scalar) M-function M/°°P, one has to solve the magnetic 
Schrödinger equation 


ld 2 
yap = (— 5 taa) yta = Ay (23.1) 
subject to the continuity condition at V1. The M-function is 


aw(V!)  (V@) — ia rr) + (= v E) + ia 2) WO) 


MLP 2 = i 
w(V!) W (x1) 
—— 
= y (x2) 
(23.2) 
Consider the unitary transformation 
W(x) > Hx) = (UV) (x) = exp (i ‘| a(y)dy) W(x). (23.3) 
xı 


Direct calculations show that this transformation eliminates the magnetic potential 
on the loop: 


UTq,a U`! = Tq,0> 
and results in the modification of the boundary values 
WV") = $a) = eda), 


F a (23.4) 
aw(V!) = W(x) — el PW’), 
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where 


d= T a(y)dy (23.5) 


at 


is the flux of the magnetic field through the loop. Note that the magnetic potential is 
eliminated from the vertex conditions as well—conventional derivatives are used 
instead of the extended derivatives as in (23.2). It is clear that the M-function 
depends on the flux ®, not on the particular form of the magnetic potential: 


Moor = MP (4, ®). 


In what follows we are going to use the Schrödinger operator given by the 


differential expression Ty.9 = -4 + q(x), moving © into the definition of the 
boundary values. There will be no reason to continue placing hats over y. 
We repeat our calculations to derive 


IYD _ y'a) = el Wa) 
YV’) Ya 


MP (A, $) = , (23.6) 


where w is a solution to the stationary, free from magnetic potential, Schrödinger 
equation 


Tq ou = —W" +q(x)p =Aay, Ima #0. (23.7) 


In fact we do not need to know how the solution looks inside the interval, it is 
enough to know how its boundary values are related. This relation is given by the 
edge M-function introduced in (5.51) 


tii (k) 1 , 
May =| RO mA o) ( vy) | 23.8 
o- (AP aa) Ga CG) a 
where t;j are the entries of the transfer matrix Tg (A) (introduced in Sect. 5.1.1), 
ti (k) ti2(k) y(x) Vv (x2) 
T (à; X1, = : ; 23.9 
eee) Co ao) a.) = Go) a 


Recall that when defining the edge M-function, we assumed that the magnetic 
potential is zero (as in (23.7)). The formula for the M-function holds for any 
Imà Æ 0 since t)2(k) Æ 0 outside the real axis of à = k?; otherwise the (self- 
adjoint) Dirichlet Schrödinger operator on [x1 , x2] would have non-real eigenvalues. 


Problem 96 Justify that if tj2(k;) = 0, then A; = ks is an eigenvalue of the 
Dirichlet Schrödinger operator on [x1, x2] with the same potential g(x). 
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In what follows we shall need asymptotic representations for the entries of the 
transfer matrix. All these representations follow directly from the integral equations 
(5.6) which can be solved by iterations. All entries of the transfer matrix are entire 
functions of k of exponential type £; and the following asymptotic representations 
hold in the complex plane k € C 


ofilimk| 
tii (k) = eostik +0 ( ik] J 


i a (23.10) 
ti2(k) = k sin ık + O (S) à 


The asymptotic representations for real k € R are 


sinké,; [° 
ti1(k) = c(k, x2) = cos k£ — q(t)dt 
2k Jx 


1 2. 1 
=o [ sink(x, + x2 — 2t)q(t)dt + O (=) ; 


Og T ea NR a | ” att 
12(k) = s(k, x2) = q 
k me Jy, 


x2 


2K Je, 


1 
cosk(x1 + x2 — 2t)q(t)dt + O (=) , 


j sinkl, [* 
t2 (k) = s (k, x2) = cos k£; — q(t)dt 
2k Jx 
+ "a k(xı + 2t)q(t)dt + O : 
— sin k(x1 + x2 — =]. 
Ik ba 1 2 q k2 
(23.11) 
Problem 97 Prove formulas (23.11) by iterating the integral equation (5.6) for the 
standard solutions c(k, x) and s(k, x). 


We introduce the functions 


= 


1 
£(k) = 5 (f1 (6) E 122%), 


where u„ (k) is called the Lyapunov function due to its importance for the periodic 
Schrödinger (Hill) operator: the equation 


u,(k) = +1 


determines the endpoints for the bands of the continuous spectrum for the periodic 
operator. The asymptotic formulae for u+ can be obtained from (5.6) (see [382] and 
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(231, 232]): 


u+ (k) = $ (ti (k) + t22(k)) = cos lik + 


F k ey 
ma / q(t)dt + O(k-); 
0 


& sin(€; — 2t)k 


=) 
WE q(t)dt + O(k “), 


O= mD- = f 
0 
(23.12) 
implying in particular that 
ku_(k) € L2(R), (23.13) 
provided q € L2(R). This property will be crucial for the solution of the inverse 
problem. 


To calculate the scalar function M!'°°P from (23.6) we need the solution of the 
(23.7) with the boundary values 


von) =YV), ya) =e Py’) 


as follows from (23.4). The normal derivatives for this solution are given by the 
edge M-function: 


Wx) = Mny) + Maya) = (Mu + Mia) WV), 


—W! (xa) = May Gi) + May 2) = (Mai +e! Ma2) (V4), 


where the terms Mj; are the entries of the matrix Meds (A). Then the normal 
derivative aw(V!) is 


ay!) = y'a) — d? a) = (Mii $e? Mn + ef Ma + Ma) WV) 
implying that 


MP (2, ©) = My, + 2cos M12 + Mz 


_ 2cos ® — TrT(k) (23.14) 
tk)” 


where we have taken into account that Mj2 = M21. 
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Knowing M!°P(A, ®) for ® = 0 and ® = x, one may reconstruct the trace and 
the non-diagonal entry of the edge M-function, 


1 
MaA (= Ma0) = z (MPA, 0) — MP, x), 
(23.15) 
TrM? (A) = M110) + M2) = ; (Mra, 0) + MP (A, z)) : 


It is clear from formula (23.14) that considering values of the flux ® other than 0 
and z will not help to determine further entries of M°48° (2). 

We conclude that reconstructing the transfer matrix we are able to determine only 
the entry t12(k) and the Lyapunov function u+ (k): 


1 4 


12(%) M20) Mio (à, 0) — MIP (A, 7r) 


i O LTMA) MPA, 0) + MPA, 7) 
Haik 3 (tk) + m26) ~ 2 MA) Mop, 0) — Mor, r) 
(23.16) 


Knowledge of tj2(k) and u4(k) in general is not enough to reconstruct the 
potential. We are going to show that all possible potentials can be parameterised 
by certain infinite sequences of signs. 


23.1.2 Reconstructing Potential on the Loop 


The inverse problem for the loop was first discussed in [334] and our presentation 
here is inspired by that paper, but the new approach is much more straightforward 
and transparent. Formulae (23.16) reduce the solution of the inverse problem for 
the loop to the problem of reconstructing the whole transfer matrix 7,(k) from 
the entry tı2(k) and the Lyapunov function u(k). This problem has already been 
solved by V.A. Marchenko and I.V. Ostrovskii [382] when all periodic potentials 
leading to prescribed band spectrum of the periodic Schrödinger (Hill) operator 
were characterised. They showed that this family is uniquely parametrised by the 
spectrum of the Dirichlet-Dirichlet operator on one period and a certain sequence of 
signs v; = +1 associated with each of the Dirichlet-Dirichlet eigenvalues. In what 
follows we sketch how to solve the inverse problem. Note that the paper [382] also 
provides characterisation of all possible spectral data, while we already assume that 
the functions t,2(k) and u(k) come from the equation (23.7). 
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We consider the zeroes k? of t12(k) determining the Dirichlet spectrum AP = 


(kP)? for the edge. The zeroes satisfy Weyl asymptotics, allowing us to determine 
the edge length £1: 


2 ‘ 
T : . WY 
J (F) J F i pee kP 


The transfer matrix has unit determinant det 7,(k) = 1 (cf (5.7)) hence we get 
the following system of equations involving the values of t11 (kP), t2 (kP): 


ti (kPt (kP) = 1, 


(23.18) 
tii (KP) + toa(kp) = 2u4 (KP). 
The system leads to the quadratic equation 
1_ D 2_ D _ 
t+ ; = 2u4(kj) = t — 2uy(k; )t+1=0, (23.19) 


which has two possible solutions: 


kP) = u4 (kP) + 0;./(us(k®))? — 1, 
ti(k; ) = u+ (kj) + vj U+(k;)) pedi (23.20) 
toa(kP) = u4 (kP) — Vj,/ (u4(kP))? -i, 


i.e. the values t11 (K? ), toa (kP) are determined by the sequence vj. 

We shall prove now that these values determine the functions t,;(k) and f22(k). 
Assume that two exponential type £1 functions t11 (k) and f11(k), satisfying the first 
equation in (23.20) with the asymptotics given by (23.10), are found. Then their 
difference Ati, (k) := f11(k) — t11(k) is again a function of exponential type at most 


£1, with the asymptotics 
efillmk| 
Ati (k) = O (2) f 
Ik| 


and it is equal to zero at kD. We already know one such function —S41) The 
quotient above is an entire uniformly bounded function and therefore is a constant 
function. 

We conclude that if f,;(k) is one possible function having the prescribed values 
at kP, then any other solution is given by 


ti(k) =fik)+atn(k), «eR. 
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Since the Lyapunov function u+ (k) is known, the general solution for t22 (k) is given 
by 


tro (k) = f22(k) — aty2(k), 


where f29(k) is a particular solution. 
Then the function u_ is given by 


u—(k) = = (f1 (k) — tp (k)) + ati2(k). (23.21) 


NI = 


For real k the function t12 (k) has the asymptotics: 
ti2(k) = I sin lık + O(k-’), (23.22) 
hence 
kty2(k) = sin lık + OK’) 


does not belong to L2 (R). Therefore there is unique «œ such that u— (k) as given by 
(23.21) is square-integrable and therefore satisfies (23.13). 

We conclude that the entries tı (k) and t2(k) are uniquely determined by 
ti2(k), u4(k) and the sequence of signs v;. We recover the entry t21 (k) using that 
the determinant of the transfer matrix is equal to 1: 


kta (k) — 1 
tn (k) = noen I (23.23) 


Our studies can be summarised as the following theorem. 


Theorem 23.1 Consider the loop graph T12 = n depicted in Fig. 23.1 and 


assume that the unique vertex V! is a contact vertex. Let LS aT A ) be the standard 
Schrödinger operator determined by a fixed (electric) potential q € C(T12) and 
varying magnetic potential a € C(T12). Let MP (A, ®) be the corresponding 
(scalar) M-function depending on the spectral parameter à and the magnetic flux 
d= Te a(x)dx. 


Fig. 23.1 The loop graph 
Pi2 


yi 
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Then the spectral data consisting of 


e the M-function M!? (4, ®) known for ® = 0, x, 
e the sequence of signs vj associated with every Dirichlet eigenvalue on the loop 
following (23.20), 


determine the length of the edge and the potential q on it. 


Proof We have proven that tı2(k), u+(k) and the sequence v; determine £; and 
the transfer matrix T4 (k). The transfer matrix determines the edge M-function (see 
(23.8)), which in turn allows us to determine the unique potential on the edge (see 
Sect. 20.3 Theorem 20.11). o 


Reconstruction of the potential on the edge from the M-function or the transfer 
matrix can also be done using classical results due to Levitan-Gasymov [375] or 
Marchenko-Ostrovsky [382, 383]. In particular one may directly exploit the fact 
that the Dirichlet-Dirichlet and Dirichlet-Neumann spectra (i.e. zeroes of t12 (k) and 
t22 (k)) determine the potential. 

In the case the potential is identically zero, there is no need to provide 
the sequence of signs to recover it. This is a very special case related to the 
Ambartsumian theorem discussed in detail in Chaps. 14 and 15. 

The values t22 (kP) can be interpreted as possibly non-real fluxes, for which the 


eigenfunction yP is invisible from the loop M-function. Really, putting 
ef” = ta (kP), (23.24) 


we see that the eigenfunction is invisible if ® = *. Depending on whether 
|t22 (k?)| is greater than or equal to 1, the corresponding ®* is lying in the lower 
or in the upper halfplane. Thus we may interpret the sequence vj as indicator of in 
which halfplane the flux determining the invisible eigenfunction is situated. 


23.2 Inverse Problem for the Lasso 


The goal of this section is to illustrate how the MBC-method works for graphs with 
one loop and no other cycles. Looking at the lasso graph will allow us to clarify 
some connections and to develop our intuition further. 

Consider the lasso graph r22 = T rae where £; is the length of the loop and 
£2 is the length of the outgrowth (see Fig. 23.2). The contact set is formed by the 
degree one vertex V?. The inverse problem for the lasso graph is solved by reducing 
it to the inverse problem for the loop since the outgrowth and potential on it can be 
recovered using the BC-method for trees. 

Let us discuss the dependence of the lasso M-function on the magnetic potential 
a on the two edges. Of course, the particular form of the potential plays no role and 
removing the potentials on the loop and on the outgrowth we see that the M-function 
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Fig. 23.2 Lasso and loop 
graphs I'(2.2) and Fa.2) 


yi 
T3 T4 y? = T3 


depends on the flux ® of the magnetic potential through the loop, but is independent 
of the magnetic potential on the pendant: M = M (À, ©), ® = Sa a(y)dy. 


Theorem 23.2 Let [22 = Err be any compact lasso graph, as depicted in 


Fig. 23.2 with the contact vertex ye. Let L3, TER) be the standard Schrödinger 

operator determined by a fixed (electric) parental q € C(T22) and varying 

magnetic potentiala € C (T22). Let Mp iasso (à, ®) be the corresponding M-function 
1:42 


depending on the spectral parameter à and the magnetic flux ® = ie a(x)dx 
through the loop. 
Then the spectral data consisting of 


¢ the M-function Masso (A, ®) known for ® = 0, x, 
142 


e the sequence of signs vj associated with every Dirichlet eigenfunction on the 
loop, 


determine uniquely lasso graph and unique potential q on it. 


Proof In solving the inverse problem for the lasso graph we are going to use two 
complementary ideas: 


(1) Consider the boundary control problem for short times T < £2 + £1/2. The 
waves initiated by the boundary control at V7 do not reach the central point 
on the loop edge [x1, x2], hence the problem is equivalent to the problem on 
the three-star graph obtained from saya by cutting the first edge at the middle 
point. One may use the methods developed in Chap. 20 where only trees were 
considered. In particular the length of the pendant edge and potential on it are 
determined from the M-function. 

(2) There is a straightforward relation between the three M-functions 


— MP% for the lasso, 
— M'Y for the loop, 
— Mpe" for the pendant edge, 


which allows one to recover one of these M-functions if the other two are 
known. We may therefore reduce the inverse problem to the loop. 


Reconstruction of the Pendant Edge The response operator for T < £2 + €;/2 
coincides with the response operator for the three-star graph as explained above. 
The kernel of this response operator contains the 6’ singularity delayed by 2 (see 
formula (19.59)), hence £2 is recovered. The response operator for T < £2 coincides 
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with the response operator for the Schrödinger operator on [x3, x4] and therefore 
determines the potential g on the pending edge. 

Reduction to the Loop Let us establish an explicit formula connecting the three M- 
functions mentioned in the second item. Let y be any solution to the Schrödinger 
equation on the lasso, then its values at the endpoints of [x3, x4] are related via 


MEY (x4) = =y (x4); 


MPY (x3) = =y’ (x3); 


Mpend e = ( y’ (x3) ) 
W (x4) —' (x4) J 


To exclude W (x3), w’(x3) we write the last equation explicitly 


Mii (as) + ME aa) = y'a), 
MP (x3) + ME" y (x4) = =Y" (x4). 


to get 


—l 
MOO., D) = MISA) — MBCA) (MP) + MOPO, ©) MBO. 
(23.25) 


It follows that the M-function for the loop is determined by the M-function for the 
lasso. This reduction from the lasso to the loop is essentially the pruning procedure 
introduced in Sect. 20.5. It remains to use Theorem 23.1 to conclude that the length 
of the loop and potential q on it are uniquely determined. o 


The ideas developed above can be applied to arbitrary graphs with one loop. To 
perform the reduction to the loop, it is not important that the outgrowth is formed 
by a single edge: the same method works if a finite tree is attached. One may also 
attach any set of trees. 


23.3 Inverse Problems for Graphs with One Cycle 


Let us turn to arbitrary graphs with one cycle, i.e. with 61 = 1, excluding graphs 
with loops since the inverse problem for such graphs has already been solved in 
the preceding section. One might think that the inverse problem for such graphs 
is more sophisticated as slightly more complicated graph structures are allowed. 
In fact the situation is completely the opposite: the magnetic flux dependent M- 
function is in general sufficient to determine the potential, while in the case of loops, 
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determination of the potential requires an additional sequence of signs. To simplify 
our presentation we assume that the vertex conditions at all vertices are standard. 

The spectral data as usual consists of the magnetic flux-dependent M-function 
associated with the contact vertices which include all degree one vertices. The 
solution of the inverse problem can be divided into two steps: 


(1) reduction of the inverse problem to the cycle; 
(2) solution of the inverse problem for the cycle. 


Step 1: Reduction to the Cycle Assume that the graph I with one cycle is given. 
Then it can be seen as a cycle formed by several edges with subtrees attached to the 
vertices on the cycle. The reconstruction procedure for trees developed in Chap. 20 
is local, hence the M-function or the response operator associated with all degree 
one vertices allow us to reconstruct the attached subtrees and the potential on them. 
Pruning the attached trees we obtain the M-function for the cycle. This M-function 
is associated with all vertices on the cycle. 


On the left in Fig. 23.3, we present a typical graph on one cycle. The red vertices 
indicate the minimal set of contact points. 

Pruning all subtrees one obtains the cycle graph on the right. All vertices where 
the subtrees were attached now turn into contact vertices, again marked in red. Note 
that all these vertices have degree two. The dependence of M on the magnetic flux 
has not been used so far, this is related to the fact that the magnetic potential on each 
individual subtree can be eliminated. 


Step 2: Inverse Problem for the Cycle Assume that the M-function for the cycle 
is known. To solve the inverse problem one may dismantle the cycle into the edges 
it is formed of. If the number of vertices is at least three, then the problem can be 


V2 


vi y? 


Fig. 23.3 Reduction to the cycle 
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Fig. 23.4 Cycle graph on 


two edges 
Tı T2 
Vt y? 
T4 T3 


solved without using the dependence of the M-function on the magnetic flux in the 
way that was done in Sect. 21.2. In the case of two contact vertices on the cycle, 
the edges are parallel and Theorem 21.7 cannot be applied: reconstruction of the 
potential even in the generic situation requires using the dependence of the spectral 
data on the magnetic flux. If the graph has a single vertex, then the cycle is a loop; 
this case is excluded. 


The reconstruction procedure is generic and we shall always assume the follow- 
ing. 
Assumption 23.3 The spectra of the Dirichlet operators on the edges forming the 
cycle have no common points. 


The assumption is generically satisfied with respect to the edge lengths. 


Two Contact Points Let us solve the inverse problem in the case the cycle is 
formed by two edges [x1, x2] and [x3, x4] connected as in Fig. 23.4, forming two 
contact vertices V! = {x1, x4} and y? = {x2, x3}. 


Let us denote by M! and M? the M-functions for zero magnetic potential on the 
edges [x1, x2] and [x3, x4] respectively: 


M! (à, 0) = Gare i) 

M1 A) MLA)’ (23.26) 
MA, 0) = ak 7) 

M? (A) M3, (A) 


It will be convenient to indicate the dependence of the M-functions on the integrals 
®/ of the magnetic potential along the edges. Note that we exchanged the indices 
in the matrix M? since the edge [x3, x4] is oriented opposite to the interval [x,, x2]. 
We need a relation connecting the M-functions for zero and non-zero magnetic 
potential. Such relation between the interval transfer matrices T2 a has already been 

derived in (5.12), namely 
Tja = 6” T] o, 


with 


, x2j 
@/ = / a(x)dx, 
x 


2j-1 
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being the integral of the magnetic potential along one of the edges. Denoting by 
ti, the entries of the transfer matrix for [x1, x2] corresponding to zero magnetic 
potential, we repeat the calculations (5.50), yielding 


1 1 
iP tgan tei? haga) = g(x), 


1 „œl 
iP tga) + ei? thag) = 3ga), 


1 


t sol l 
aga) =- ga) +e? g(a), 
tho tho 
=> 
pl L tl 
—əga) = e? ga) F ga), 
tiz tiz 
to get 
F 1 0 1 0 
M! (à, &/) = { Jn Jeo € ie! ) (23.27) 


In the formula for M*(A, ®) the phase gains an extra minus sign as the interval 
[x3, x4] is oriented from V? to V!: 


. 1 0 0 
M? (A, &/) = (a M?(A, 0) € we). (23.28) 


Hence the cycle M-function is given by 


1 0 ı/1 0 1 0 2/1 0 
MQ, ®) = (; ei! M Ta T { i] M (; oe] 
1 J 1 2 
_ 21 


1 2 1 ib 2) io? (23.29) 
= ( Mi; + My (Mj,e"° + M3,)e 
1 ie 2\,-i® 1 2 
(M3,e + Mj,)e My, + Mi, 
thy t 1 „—ið! 1 „i? 
=p Ao tpe 
= 12 12 12 12 
1 „ið! 1 „—i? ty _ ti i 
tl + 1 tL B 
12 12 12 12 


where © = ©! + @? is the total flux through the cycle and t! ; and tp are the entries 
of the transfer matrices associated with [x1, x2] and [x3, x4] Tespectively. 
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In general two Herglotz-Nevanlinna functions are not uniquely determined by 
their sum. Therefore to recover M! and M? we are forced to use the dependence of 
M on the magnetic flux. 

The non-diagonal entries of M/ (A) may be reconstructed using the non-diagonal 
entries of M(A, ®) for real A and ® = 0, x. In particular (23.29) implies that 


2 el 2 _ 1 1 
IMi2(2. 0) = |Min@) + M00] =| + |: 
1 1 1 
z (IMn OP- Mna mP) = MpQ)MzQ) = TA 
(23.30) 


It is clear that this system of equations is invariant under exchange of the edges. 
Moreover the set of solutions is invariant under simultaneous multiplication of ii 
and tiz by —1. In fact these transformations exhaust all possibilities, implying that 
(23.30) allows one to recover th and me up to multiplication by —1. The sign is 
easily fixed using the fact that Mj2(A, 0) = ML (à) + MG, (A). Alternatively, one 
may remember that tl (k) possess explicit asymptotics (23.11). 

Consider the entry 


tii t MOMOR AOLA) 


1 


M, 0) = = 
th th tt (k)t? (k) 


The functions tis (k) are already determined, hence it remains to discuss how to 
recover tl 1 (k) and tz (k) from the numerator 


FE = thy thk) + th (kti (k). 


Consider the Dirichlet-Dirichlet spectrum on the upper edge: th (KP) = 0. The 


values of it , at these points are 


FRR) 


i: gat 
tik, = >a 
ti(k; ) 


where we use that t (KP) # 0 due to Assumption 23.3. Let us discuss how to get 
the unique exponential type function ti (k). Assume that one such function a with 
prescribed values tl 1 (KP) is obtained. Then any other solution is given by 


îl (k) tatl(k), a ER. 


The constant «œ is unique, as follows from the asymptotics (23.11). 
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Fig. 23.5 Cycle graph on Ty T2 
three edges yi y? 
T6 T3 
L5 SLA 
3 


All other entries of the transfer matrices associated with the upper and lower 
edges are reconstructed in the same way. We conclude that the potential on the 
edges is uniquely determined. 

If Assumption 23.3 is not satisfied, then the potential on the edges may not be 
unique. Generically for every pair of common eigenvalues one has to provide one 
extra sign in order to determine the edge M-functions. This is very similar to the 
reconstruction of the edge M-function from the loop M-function, where an infinite 
sequence of signs was required to ensure uniqueness. This procedure is described in 
detail in [334]. 


Three and More Contact Points Assume first that the cycle has three contact 
points; it will become clear how to generalise the method for a larger number of 
contact points. Of course we make (the generically satisfied) Assumption 23.3. 


The metric graph shown in Fig. 23.5 is formed by three edges [x1, x2], [x3, x4], 
and [x5, x6] joined at the contact vertices Vig {x1, x6}, y? = {x2, x3}, and y? = 
{x4, x5}. The corresponding M-function for zero magnetic flux is 


1 3 1 3 
nTa ne : i 
M(A, 0) = M3, Ms, + My, Mi . (23.31) 
M3 Mj, Mj,+Mi, 


Under our assumption the singularities of the edge M-functions M/(A) do not 
coincide. Each singularity appears in precisely four entires of M(A, 0): two diagonal 
and two off-diagonal. Hence every singularity of M can be identified as a Dirichlet 
eigenvalue for one of the edges by just examining the corresponding non-diagonal 
elements. Note that Dirichlet eigenfunctions on an interval cannot have normal 
derivatives equal to zero. Hence the edge M-functions are determined up to certain 
2 x 2 block matrices A/ by the explicit formula 


= P i= 1,2,3 (23.32) 
D, i D, s Djs J = kJ ’ 9 * 
On í ~ A) (An i ~ 2’) iá 


MI =A! + > 


n=1 
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with 


Pp = (Wn lars -)c88Vn lar, (23.33) 


subject to the condition 
A! +4? +A? = MO’. 


Here the yP ‘/ denote the normalised eigenfunctions of the Dirichlet-Dirichlet 
operators on each of the three edges and extended by zero to the remaining two 
edges. 

The matrices A/ are uniquely determined, taking into account the asymptotic 
formula (21.1). This accomplishes the reconstruction of M/(A) and hence of the 
edge lengths and of the potential q. 

Generalisation for the case of N > 4, is straightforward. 

Let us summarise our studies as 


Theorem 23.4 Let I be a finite metric graph with one cycle (Bı = 1) formed by 
NI! edges, and let the non empty contact set OT contain all degree one vertices. 
Assume in addition the following generically satisfied assumption: 


(b) the spectra of the Dirichlet-Dirichlet operators on the edges forming the cycle 
are disjoint, 


Then the inverse problem is uniquely solvable as follows: 


(i) if NI% = 1 (cycle is a loop), then M(A, 0) and M(A, 1) together with the 
infinite sequence of signs vj; (see (23.20)) generically determine the metric 
graph and the potential; 

(ii) if NI% = 2, then M(A, 0) and M(A, x) determine the metric graph and the 
potential; 

(iii) if NIT > 3, then M(A,0) alone determines the metric graph and the 
potential. 


Having extra contact points just increases the size of M, and one may always 
assume that əl contains just all degree one vertices (excluding the case of the single 
loop). We see that it is easier to recover the potential if N is large. This is not 
surprising since by increasing the number of contact points on a cycle, one obtains 
more information about the operator. 


23.4 Dismantling Graphs II: Dependent Subtrees 


In solving the inverse problem by dismantling graphs into trees (see Sect. 21.2) the 
dependence on the magnetic fluxes is not used. On the other hand, as the example of 
the cycle graph on two edges shows, magnetic fields may help to solve the inverse 
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Fig. 23.6 Cutting graphs: several contact points 


problem when the subtrees T; are dependent. The goal of this section is to pursue 
this observation further and prove unique solvability of the inverse problem in the 
case where the subtrees are not necessarily independent. We adopt notations from 
Sect. 23.3 (Fig. 23.6). 

To simplify the description we are going to assume that the subtrees are not 
parallel: 


Definition 23.5 Two subtrees T; and T; are called parallel if either 
dT; COT; or OT; C OT;. (23.34) 


In other words, two subtrees are parallel if the boundary of one subtree is 
contained in the boundary of the other one. Assuming that subtrees are not parallel 
will simplify our presentation but is not necessary (see Problem 98 below). 

The counterpart to Theorem 21.6 can be formulated as follows, note that 
assumption (2) is substituted with an assumption of a completely different nature. 


Theorem 23.6 Let Ee ll) be a standard magnetic Schrödinger operator on 
a pendant-free metric graph F with a selected non-empty contact set Əl that 
dismantles the graph into a set of trees {T ;}, such that 


(1) no subtree T; has two pendant vertices coming from the same vertex in T; 
(2) no two subtrees are parallel in the sense that no ƏT; is a subset of another 
aT;, j Fi. 
Assume in addition the following generically satisfied assumption: 


(a) the spectra X(Tj) = APT) of the Schrödinger operators on Tj, with 
Dirichlet conditions at the pendant vertices and inherited from Lg q(T) vertex 
conditions at all internal vertices, are disjoint, 


Pry) AT), ji (23.35) 


Let us denote by ®; the magnetic fluxes associated with the loops in T. Then the 
M-function M(A, ®;) associated with the contact vertices and known for ®; = 0, x, 
uniquely determines the metric graph, the potential q, and conditions at non-contact 
vertices. 
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Note that the spectra of magnetic Schrödinger operators on the subtrees are 
independent of the magnetic potential. Moreover, as it will be seen from the proof, it 
is enough to know the dependence of the M-function on the magnetic fluxes through 
just the cycles formed by pairs of subtrees, but we might not know a priori which 
fluxes correspond to such cycles. 


Proof We are going to modify the proof of Theorem 21.6. As before all Dirichlet 
eigenvalues on the subtrees can be seen as singularities of the M-function for I, and 
in particular formula (21.7) holds. 

Our first step is to identify the subsets OT; C oI’. Lemma 21.3 implies that for 
each V” e OF, M(A) determines the number of subtrees to which V™” belongs. 
It will be convenient to view oI as a multiset so that each contact vertex has 
multiplicity equal to its degree dm. 

With each Pr) we associate the set B, C OI consisting of the contact vertices 
at which the corresponding eigenfunctions have non-zero derivatives: 


Bn := {V” € ar : awP(v™) Æ 0}. (23.36) 


These sets can be identified by checking the diagonal elements of M(A) and 
selecting those which are singular at PO). Each dT; coincides with the set By 
corresponding to the ground state on T}, since for the ground state the derivatives 
of the eigenfunction are non-zero at all boundary points of the corresponding subtree 
dT; (see Theorem 4.16). 

It is clear that Bı is a contact set for a certain subtree, which we will denote 
by 0T,. Consider B, with the smallest index n and such that B, ¢ Bı, then we 
denote 0T2 = B,. Here we use that no two subtrees are parallel (assumption (2)). 
This process can be continued: assuming that the first few subsets dT;, j € J are 
identified, then a new subset 0T;, j ¢ J can be chosen equal to the set B, with the 
lowest index n such that 


B,ZaT;, jeJ. 


Assumption (2) guarantees that all subtree’s boundaries are identified in this way. 
The process terminates when the sets 


| Jat; and ar 
jeJ 


coincide as multisets. 

As before we not only identified the contact sets for the subtrees T j, but also 
the ground state energy aP (T;) for every subtree. Let us repeat that the ground state 
eigenfunctions on each subtree have non-zero normal derivatives at all boundary 
points dT;. We proceed by separating the eigenvalues IO) into the subsets 
X(T) := {ab THL, . If there is just one set OT; which contains B,, then 
the corresponding eigenvalue belongs to £ (T jy). 


574 23 MBC-Method II: Graphs on One Cycle and Dependent Subtrees 


It remains to separate the eigenvalues corresponding to B, belonging to several 
sets dT; simultaneously. Dependence of the M-function on the magnetic fluxes ® ; 
will help us. Of course only fluxes for cycles passing through B, are relevant, but we 
do not assume we know a priori which fluxes are important. Lemma 21.1 implies 
that each set B, contains at least two vertices. Assume without loss of generality 
that the vertices V! and V? belong to B,. We denote by Jo the set of trees that may 
have eigenfunctions with non-zero normal derivatives on By: 


J € Jo & Bn C Tj. (23.37) 


Let us denote by Mı2 the non-diagonal entry of M associated with the vertices 
V! and V?. This entry has singularities at aP (T) and at the ground states of all 
potential candidates for the subtree aP (T;), for j € Jo. The residue coincides with 
the product of the normal derivatives of the eigenfunctions at V! and V?. Its absolute 
value is non-zero and is independent of the magnetic fluxes ®;, while the phase 
depends on some of the fluxes. For all eigenfunctions associated with the same 
subtree the dependence of the derivatives on the magnetic fluxes coincide, hence 
the corresponding residues depend on the fluxes in the same way. This allows one 
to identify with which particular subtree T; the residue is associated by comparing 
it with the residues for the ground states on the subtrees. The unique jo such that 
AP (T) € X(T) is selected by the following equality that holds for all magnetic 
fluxes ®;: 


MQ.) im Ma, >) 


im == =. (23.38) 
AAP) My2(A,0) a=?) Mi2(A, 0) 

It is clear that this equality holds if B, € Tj, but we need to show that such j is 
unique. Assume on the contrary that certain j’, j” € Jo satisfy the above equality 
for any ®, then it follows that 


Mi2(Aa, È) 
im Åe 
AAP (Tyr) M)2(A, 0) io; 
s—- =e "0, 
Mi2(A, ®) 


im SS Ss 
AAP (Tyr) My2(A, 0) 


where ®,, is the flux through the cycle formed by T; and Tj” and containing y! 
and V?. The quotient is different from one if for example Pi = x.) 


' The above reasoning does not imply that the derivatives of the Dirichlet eigenfunctions supported 
by any of the subtrees depend on the magnetic flux. It might happen that the magnetic potential is 
always identically zero on one of the subtrees, but this may not occur for two subtrees having at 
least two common vertices. 
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Repeating this procedure for each eigenvalue on I’ we end up with the division 
of {arr} into the non-intersecting subsets &(T;). Then the singular part of each 
M; (A) can be reconstructed as in (21.8). The constant matrices A; appearing in the 
representation can be determined from the asymptotics using (21.10). 

The subtrees and potentials on them are uniquely determined by Mj (A) and 
therefore give the complete solution of the inverse problem for the Schrédinger 
operator on I’. Here we used that the vertex conditions at the internal vertices of T} 
are standard. Oo 


Let us illustrate the proof with some informal diagrams. Assume that I" is 
dismantled into two subtrees Tı and T2. The M-function for I is equal to the sum 
of partial M-functions M; (å) = Mr, (A): 


Mr (A) = Mi (A) +M2). (23.39) 
We denote by B the set of common contact points from the subtrees 
B=0T,N0T). 


Let us order the contact points of dT so that all contact points from dT, \ B come 
first, followed by points from B, and finally by points from dT2 \ B. Using this 
ordering, formula (23.39) can be illustrated as in Fig. 23.7. 

In Fig. 23.7 the entries of M which might be non-zero are marked by different 
shades of grey. Our goal is to reconstruct the singular parts of Mj, j = 1, 2, from 
the singular part of M. Consider any singular point AP): It is assumed that the 
spectra of Tı and Tz are disjoint, hence this particular à may be a singular point 
for just one of the partial M-functions. We have three possibilities, as illustrated in 
Fig. 23.8. We indicate only entries which may be singular at the selected point. It 
is clear that in the first two cases the eigenvalue should be attributed to Tı and T2 
respectively. In the third case it is not obvious whether the eigenvalue belongs to 
X(T) or XU(T2). This case does not occur if the subtrees are independent (or have 
just one common vertex) and was ignored in the proof of Theorem 21.6. 

If the subtrees are allowed to be parallel, then we have to take into account 
that in accordance with Lemma 21.1 at least two normal derivatives are non-zero, 
and hence at least two diagonal entries of M are singular at each eigenvalue. In 
proving Theorem 23.6, the third case cannot be ignored, but the MBC-method helps 


Fig. 23.7 Structure of 
Mr A) or, \ B 
Mı (å) 
Mr(à) = XB 
Ma(A 
2(A) ar, \ B 
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Fig. 23.8 Possible structure of the singularities in Mr (A) 


to allocate the eigenvalue. Note that there is no need to use the MBC-method if 
each eigenfunction has non-zero normal derivatives outside B, but adding such an 
assumption to the formulation of the theorem appears cumbersome. 

One may strengthen the result by weakening the assumptions of Theorem 23.6 
as follows: 


(1) The same proof holds if one allows generalised delta couplings (see Sect. 3.7) 
at internal vertices; such conditions guarantee that 


e the ground state functions on T; do not have zero normal derivatives at 
contact points, 
e the inverse problems for subtrees are uniquely solvable; 


(2) One may allow that the spectra of subtrees lying far away in the original 
graph have common eigenvalues—this will not influence the reconstruction 
procedure. This is similar to [409] where this idea was implemented for 
reconstructing graphs from the spectra of graph Laplacians. 


Problem 98 Prove Theorem 23.6 dropping the assumption that no subtrees are 
parallel. 
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Chapter 24 N 
Discrete Graphs ga 


The spectra of metric equilateral metric graphs are essentially determined by the 
spectra of the normalised or averaging Laplacian matrices associated with the 
corresponding discrete graphs. We are going to prove an explicit formula connecting 
these spectra, despite that the metric graphs have infinitely many eigenvalues but the 
spectra of Laplacian matrices are finite. 

The second original goal was to check how does the idea of topological 
perturbations (developed originally for metric graphs, see Sect. 12.5) work for 
discrete graphs—a well established area of discrete mathematics. After the chapter 
was accomplished, we learned that this question for the normalised Laplacian 
matrices was studied earlier by H. Urakawa and collaborators [285, 413].! We 
follow our original presentation in order to give a possibility to compare the two 
approaches. 


24.1 Laplacian Matrices: Definitions and Elementary 
Properties 


Let G be a discrete graph with M vertices and N edges connecting some of the 
vertices. As before we are going to consider mostly finite graphs, i.e. graphs with 
a finite number of vertices and edges. Moreover, for simplicity we assume that no 


' The author would like to thank Delio Mugnolo for discovering these references. 
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loops and parallel edges are present. With such a graph one naturally associates the 
following matrices: 


e the connectivity, or adjacency matrix C = {Cnm} 


1, the vertices n and m are neighbours, 


Cam = i.e. connected by an edge; 


0, otherwise, 
e the (diagonal) degree matrix D = diag {d1, d2,..., dm}, where dm are the 
degrees (valencies) of the corresponding vertices. 


We shall be interested in so-called Laplacian matrices and their spectral prop- 
erties. Laplacian matrices are certain generalisations of the (differential) Laplace 
operator for the case where the set of points is discrete. All these matrices 
are defined on the finite dimensional Hilbert space £2(G) = C™ > y= 
(Ww), W(2),..., Y(M)), but using different formulas: 


e Combinatorial Laplacian L(G) [152, 153, 391] 


(L(G) YW) (m) = X em) — Wn), (24.1) 


nxm 


where the sum is taken over all neighbouring vertices.? This matrix can also be 
defined using the connectivity matrix C and the degree matrix D: 


L(G)=D-C. 


e normalised Laplacian Ly (G) [132, 146] 


(Ly(G)y) (m) = Ym) — y(n), (24.2) 


1 1 
V dm 2 M dn 
also given by 

Ly(@) = DO? L(G) D! =1- pcp !, (24.3) 


The normalised Laplacian is similar to another Laplacian matrix to be called 
averaging Laplacian 


1 
(La (GY) (n) = Y (m) — z- X vo), (24.4) 


i n~m 


2 Writing n ~ m we indicate that there is an edge between the verices n and m. 


24.1 Laplacian Matrices: Definitions and Elementary Properties 579 


or in matrix form 
La=I-D7'C. (24.5) 


The second term here gives the average value of y over all vertices neighbouring 
to m. It follows that any solution to the Laplace equation L4w = 0 possesses the 
following property: 

The value of W(m) is equal to the average value of y over all neighbouring 
vertices: 


1 
Lay =0> ym) = T Lv). (24.6) 


nxm 


This property reminds of the Poisson formula for the differential Laplace operator. 
The averaging and normalised Laplacians are similar and therefore their spectra 
coincide: 


La(G) = D7!ÊP Ly (G) D}. (24.7) 


Both the standard and the normalised Laplacians are Hermitian, since they are 
given by (finite) real symmetric matrices. The averaging Laplacian has real spectrum 
(since Ly is Hermitian), but the corresponding matrix in general is not Hermitian. 
The operator associated with the matrix L4 is self-adjoint in the weighted Hilbert 
space id (G) = C™ with the scalar product given by 


M 
(V: Depia) = (DY, pcn = Do dmYmPm- (24.8) 


m=1 


Problem 99 For which graphs the averaging Laplacian is given by a Hermitian 
matrix in the original space 0.(G) = C”? 


All three Laplacian matrices are generalisations of the second difference matrix. 
For example, consider the one-dimensional chain with the subsequent vertices 
connected to each other. Then the degrees of all vertices are equal to 2 and all three 


e : i : : 2 
Laplacians remind of the discrete approximation of — L 


1 
z Evan) = (Lny)n) = Lavan) 


1 
=g Von ey Ge ky m ied) (24.9) 


y(m+1)—2y(m)+yY(m — 1) 
5 : 
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Different Laplacian matrices are widely used in applications. The study of their 
spectral properties is a well-developed branch of modern discrete mathematics. It is 
not our goal to give an overview of these results, we shall focus instead on the 
relation between spectral properties of discrete Laplacian matrices and standard 
Laplacians on metric graphs. We shall also show how our methods originally 
developed for metric graphs, work in the discrete case. 

All three Laplacian matrices are nonnegative as operators acting in the respective 
spaces. This can be seen from their quadratic forms 


M 
(LGW. We = >> (x (Cm) — Taw) 


m=1 \n~m 
1 
=; Èo lym) — Wn)’, 
1 1 1 
(Ln(G)¥, Vv) eG) = 5 by va," ar (24.10) 


(La(G)W, W) epg) = (DLAC), Wea) 


= (Ly(G)D' yf, D'? wy eG) 


1 
5 2 wen) — wal. 


n,mn~m 


Problem 100 Prove that the quadratic forms for all three Laplacian matrices are 
given by formulas (24.10). 


Problem 101 The quadratic forms of L(G) and L(G) are given by the same 
expressions. Is it possible to conclude that these operators are isospectral? Explain 
the reason and provide explicit examples to support your conclusion. 


24.2 Topology and Spectra: Discrete Graphs 


In this section we derive a few elementary properties of Laplacian matrices 
connected to topological characteristics of discrete graphs such as the number of 
connected components and Euler characteristic. 


The Number of Connected Components We see that all three operators have 
uı = 0 as an eigenvalue. For the standard and averaging Laplacians the corre- 
sponding eigenfunction is equal to a constant on each connected component of G. 
For the normalised Laplacian the zero-energy eigenfunction should be modified as 


yım) = y dmc, (24.11) 
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where c is a constant which can be chosen different for each connected component. 
In fact no other eigenfunctions corresponding to zero eigenvalue are present (see 
Lemma 24.2 below). Therefore we conclude that the number fo of connected 
components in G is equal to the multiplicity of the ground state uı = 0 


Bo(G) = m(0), (24.12) 


where m(0) is the multiplicity of the eigenvalue jz; = 0. In particular, if the graph 
G is connected, then the ground state has multiplicity 1. 


In what follows we are going to consider connected graphs only, since all 
results can be easily reformulated including not necessarily connected graphs. For 
connected graphs it is then natural to denote the eigenvalues ;(L(G)) of the 
Laplacian matrices as follows 


0 = u; < u2 < m3 <+- < Um. (24.13) 


The Volume The volume for a discrete graph G is just the number M of vertices. 
If we know the spectrum of any of the Laplacian matrices, then the volume of G is 
equal to the number of eigenvalues counted with multiplicities: 


#{uj} =M. (24.14) 


Euler Characteristic The trace of a Hermitian matrix is equal to the sum of its 
eigenvalues. Consider the combinatorial Laplacian matrix and calculate its trace in 
two different ways: using the eigenvalues and summing the diagonal elements:? 


M 
X wj(L(G)) = Tr L(G) = Tr D = di +d +--+ + dy = 2N. 
j=l 


This formula allows one to calculate the number of edges from the spectrum leading 
to the formula for the Euler characteristic 


1 
x(G) = Hum (L(G) — 5 Yo in (L(G)). (24.15) 


This result cannot be generalised for normalised Laplacians, since it is not hard 
to provide examples of graphs, which are isospectral with respect to Ly but have 
different Euler characteristic [114—116, 146]. Consider for example the following 
two graphs: three-star and four-cycle, shown in Fig. 24.1. 


3 Remember that we assumed that G has no loops and therefore Tr (C) = 0. 
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Fig. 24.1 The three-star v4 y3 
G 8.2) and the four-cycle vi 
graphs vi y2 
4 
V y? 
y2 


Both graphs have 4 vertices and the corresponding normalised Laplacians are 
given by 


1 1/73 -1/73 -1/V3 
-1//3 1 0 0 
-1/¥3 0 1 0 
—1//3 0 0 1 


i= 


1 =12 0 =12 
—1/2 1 —1/2 0 
Ly = . 24.1 
N 0 —1/2 1 —1/2 ny) 


—1/2 0 -1/2 1 
The characteristic polynomials coincide and are given by 
pà) = det(L4, — a) = (1—a)*- 1-2)? (24.17) 
showing that both normalised Laplacians have eigenvalues 0, 1, 1, 2. Obviously 


the two graphs have different Euler characteristic. Note that the corresponding 
eigenfunctions are different 


1 1 0 0 
1/73 -1//3 1 1 
eo t=, | i ; . 
yi = ae , V = ee , Y3 = —1 , Y4 = 0 ’ 
1/V/3 —1//3 0 —1 
1 1 1 1 
1 1 —1 —1 
v= p W=l_,] ss| prs], 
1 —1 1 —1 


(24.18) 


Problem 102 Construct your own pair of discrete graphs with isospectral combi- 
natorial Laplacians. 
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We are going to discuss the relations between the eigenvalues of normalised 
Laplacians Ly (G) on discrete graphs G and the spectrum of the standard Laplacians 
L*(T) on metric graphs T. Recall that the normalised and averaging Laplacian 
matrices are isospectral, hence all our results apply to averaging Laplacians. 
Moreover, both matrices will be used in the proofs. 

In order to be able to compare these spectra, we need a one-to-one correspon- 
dence between discrete graphs G and metric graphs I’. With any finite discrete graph 
G we may associate unique metric graph I" by assigning unit lengths to all edges 
in G. This rule establishes a one-to-one correspondence between the discrete and 
equilateral metric graphs and will be used throughout this chapter. If the metric 
graph does not have degree two vertices, then the corresponding discrete graph G is 
the same as the discrete graph used in Chap. 6 to get secular polynomials. 

Consider any discrete graph G with M vertices 1,2,..., M and the correspond- 
ing normalised Laplacian Ly (G). The quadratic form is nonnegative as can be seen 
from formula (24.10). The quadratic form of Ly — 2 is nonpositive 


1 1 1 2 
(EN(G) -Dy Wow = 50 FEV — Teo) 25> Iwan)? 
1 i \ 2 m 
= 2s TV + FVM - 
(24.19) 


It follows that the eigenvalues of the normalised Laplacian are always lying 
between 0 and 2. Let us denote the eigenvalues of Ly by wj;(Ly) ordering them 
following (24.13) 


0 = wi (Ly) < m(LyN) < ...um(LyN) < 2. 


The number u = 0 is always an eigenvalue, while um can be less than 2. The 
eigenvalues u = 0 and u = 2 will be called extremal. 

The spectrum of the metric graph is discrete tending to +00. It is easy to see that 
the spectrum is 27-periodic if one uses the variable k, k? = A instead of À and 
ignores that the multiplicities of à = 0 and A = (27)? could be different. Moreover, 
the spectrum in k-scale is symmetric with respect to the origin, hence it is enough 
to study the eigenvalues between 0 and 27. We shall use our standard convention to 
denote the eigenvalues of the standard Laplacian 


O=Ay <2 <- Sdn <.... (24.20) 


It turns out that while the correspondence between the eigenvalues u Æ 0, 2 and 
à # (mr)*, m € Z can be described by an explicit formula, the correspondence 
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between the extremal eigenvalues is slightly more involved. This is related to 
the fact that (mz)? are the eigenvalues of the Dirichlet Laplacian on the unit 
interval. Therefore extremal and all other (to be called generic) eigenvalues will 
be considered separately. 


Generic Eigenvalues Let us discuss the relation between the eigenvalues un 4 
0, 2 anda; Æ x?m?, m € Z first. 


Theorem 24.1 Assume that un are the eigenvalues of the normalised Laplacian Ly 
on a discrete graph G and Àj are the eigenvalues of the standard Laplacian L* (T) 
on the corresponding equilateral metric graph T with the common edge length one. 
Then àj: Àj # m*m*,m € Z is an eigenvalue of L* (T) if and only if 


l1 — cos /Aj = Hn, (24.21) 
for a certain un 4 0, 2 from the spectrum of Ly (G). Moreover the multiplicities of 
the eigenvalues coincide. 


Proof Itis much easier to prove the theorem using the average Laplacian L 4 instead 
of the normalised Laplacian Ly. These two matrices are isospectral due to (24.7). 
Consider any eigenvalue u and any corresponding eigenvector y 


Lay = uy, (24.22) 


or in more details 


1 
wim) -Y WhO = uym), m=1,2,..., M. (24.23) 


l~m 


Let us construct an eigenfunction W (x) of L‘'([) corresponding to a certain positive 
eigenvalue A = k? so that it attains the same values at the vertices as y 


PV”) =m), m=1,2,...,M. (24.24) 


The eigenvalue A is not determined yet, we shall see which values are possible in a 
few steps. 

Consider any edge in I’, say connecting the vertices V™! and V2. Then the 
unique function satisfying the differential equation 


— 0") = kY x) 
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and having values at the endpoints prescribed by (24.24) is given by 


ze — Vim) — cosk y (m) 


w(x) = cos (k dist{x, V™!}) 
i = k nie (24.25) 
+ im akii VD os (die V"2}). 
sin’ k 


The normal derivative of w j at the endpoints can be calculated as well. For example 
we have: 


ðny (V™) = Ea (—cosk Y(mı) + Y(m2)). (24.26) 
Note that the last formula may also be obtained directly from (5.55). 

We repeat this procedure for every edge in the metric graph I’. The function Y 
obtained in this way is continuous at the vertices by construction, it satisfies the 
same differential equation on each edge. Hence in order to check that it is really an 
eigenfunction of L‘'(I’) it remains to show that the sum of the normal derivatives at 
each vertex is zero 


dS awa) = 0. 
xjev™ 
Using (24.26) this equation can be written as 


> ES (cosk y(m)— Y (D)=0 (24.27) 
sin k 


I~m 


<> dm cosk wim) = $` Y9. 


l~m 


It is easy to transform the equation into the following form 


: D=(1 k 24.28 
v(m) — — Dv = ( — cos k)w(m), (24.28) 


m 
l~m 


which is precisely the eigenfunction equation for y, provided à and u sat- 
isfy (24.21). Of course if u is fixed, then Eq. (24.21) possesses infinitely many 
solutions k. 

The constructed mapping 
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is one-to-one, provided À is fixed: the functions y and W have the same values at the 
vertices and yy on each edge is uniquely determined by its values at the endpoints. 
This implies that the multiplicities of the two eigenvalues connected via (24.21) 
coincide. o 


Formula (24.21) is often refereed to as von Below formula as it appeared for 
the first time in [488]. One may find different generalisations of this formula for 
equilateral metric graphs in [418, 422]. 

Formual (24.21) implies that every eigenvalue un of L4(G) determines an 
infinite series of eigenvalues of L*(T), since equation (24.21) has infinitely many 
solutions with respect to A : if A; is a solution, then any (+ Jii + 2am), mezZ 
is also a solution. One may use the variable k instead of à = k? to describe the 
spectrum. The observation above means that the set of k ¢ Z in the spectrum of 
L* (T) is periodic and symmetric with respect to the origin. In the interval (0, 277) 
the eigenvalues are symmetric with respect to the middle point k = x. The number 
of eigenvalues of L‘'(I’) in the interval (0, 7) is equal to the number of eigenvalues 
of Ly (G) different from 0 and 2. 


Extremal Eigenvalues It remains to study the case where uw, = 0,2 anda; = 
mon’, neZ. 


We are going to prove four Lemmas describing the cases 


e w=0,rA=0, 

° w=2, 

e A}=n7(14+2m)*, meZ 
° à =40?m?, me Z,m £0. 


The following Lemma determines the multiplicity of the zero eigenvalue for both 
normalised and standard Laplacians. 


Lemma 24.2 The point zero is an eigenvalue for both the normalised Laplacian 
Ly(G) and the standard Laplacian L*(T). The multiplicity of the eigenvalue is 
equal to the number of connected components in the graph. 


Proof It is clear from the construction that the number of connected components in 
the discrete graph G and in the corresponding metric graph T are equal. 

Consider first the quadratic form L y (G) given by (24.10). If G is connected then 
the vector yı (m) = y/dmc is an eigenvector corresponding to 44; = 0. This vector 
is unique (up to multiplication of course). For non-connected graphs the multiplicity 
is equal to the number of connected components, since the constant c can be chosen 
different on each connected component. 

For the standard Laplacian we repat the proof of Lemma 4.10. The quadratic 
form is given by formula (3.55), which simplifies as follows 


N 
(L°(P)u, wir) = >> Í |u’(x)|?dx. (24.29) 
n=1* 
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The constant function ¥(x) = c is an eigenfunction corresponding to A; = 0. 
Every function that minimises the quadratic form is a constant function on every 
edge. Standard matching conditions imply that the function is equal to a constant 
on every connected component of I’. It follows that the multiplicity of the zero 
eigenvalue is equal to the number of connected components. o 


This Lemma implies in particular that the multiplicities of the zero eigenvalue 
for the normalised Laplacian and standard Laplacian coincide. 


Lemma 24.3 Let G be a connected discrete graph. Then the point u = 2 is an 
eigenvalue of the normalised Laplacian if and only if the graph G is bipartite. 


Problem 103 Prove Lemma 24.3 


If the graph G is not connected, then u = 2 is an eigenvalue of the averaging 
Laplace matrix with the multiplicity equal to the number of bipartite components. 
Here multiplicity zero means that u = 2 is not an eigenvalue. 


Lemma 24.4 Let the equilateral metric graph T with the common edge length one 
be connected. Then the points = (1 + 2m)*x*, m € Z are eigenvalues of the 
standard Laplace operator on T with the multiplicities equal to 


e $i + 1 ifthe corresponding discrete graph G is bipartite, 


e 6, — 1 if the corresponding discrete graph G is not bipartite.” 


Here fı is the number of independent cycles either on the metric graph T, or on the 
discrete graph G. 


Proof Let us prove the lemma for k = x, then any soluton to the eigenfunction 
equation on each edge is given by 


w(x) =acosmx + Bsinrx. 


It follows that the values of the function at all endpoints have the same absolute 
value, but differ by sign: 


W (x2j-1) = -Y a2). 


Let us denote by a the common absolute value of the function at all vertices 


a := |ý æ). 


4 We repeat that a graph G is called bipartite if the vertices can be divided into two classes, so that 
the edges connect only vertices from different classes. 

5 Note that if 6; = 0, then the graph is a tree, and therefore it is bipartite. Hence the multiplicities 
determined by the Lemma are never negative. 
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An eigenfunction with a # O exists if and only if the graph I is bipartite. 
Such eigenfunction resembles the averaged Laplacian eigenfunction for u = 2 
(see Lemma 24.3). Let us denote the corresponding (unique up to a multiplier) 
eigenfunction by y°. 

If a = 0 then the eigenfunctions are given by £; sin x (x—x2j—1) on each interval. 
Such an eigenfunction exists if and only if one is able to combine the sine functions 
on the edges, so that the sum of derivatives at each vertex is equal to zero (certain 
balance condition is fulfilled). 

Assume now that the graph is bipartite, then all cycles in it have even lengths 
and it is easy to construct eigenfunctions supported on such cycles using multiples 
of sinz (x — x2j—1). Every graph G can be turned into a tree T by cutting away 
certain fı edges. Let us denote these edges by A;, i = 1,2,..., 61, and by wi the 
eigenfunctions supported on the (shortest) cycles contained in T U A;. We have 
constructed 6; + 1 eigenfunctions corresponding to k = x. It follows that the 
multiplicity of the corresponding eigenvalue is at least 4 1+1. 

Let w be any eigenfunction corresponding to A = 1. Consider then the function 


By 
Wx) = 0) — fol @) — DO AW’), 


i=l 


where the constants fo, f; are chosen so that the function v is equal to zero at all 
vertices and on all edges A;,i = 1,2,..., 61. Then the function Y is supported on 
the tree T and therefore it is identically equal to zero. To show this, let us look at the 
pendant edges in T. Obviously the function Ñ is equal to zero on every such edge. 
One may take away this edge from the tree T and repeat the argument. Since the 
tree is finite we conclude that v is identically zero. 

It remains to study the case where the graph G is not bipartite and the 
eigenfunction is equal to zero at all vertices. Consider again the edges A; and the 
(shortest) cycles on T U A; introduced above. Among such cycles there exists at 
least one cycle of odd length, since otherwise the graph is bipartite. Without loss of 
generality we assume that this cycle corresponds to Ag,. For cycles of even length 
there exists an eigenfunction supported on it. For cycles A; of odd length, there 
exists an eigenfunction supported on T U A; U Ag,. Hence we have constructed 
bı — 1 linearly independent eigenfunctions to be denoted by ý’. 

To prove that the multiplicity of the eigenvalue is really equal to 6; — 1 consider 
an arbitrary eigenfunction w and the function Ñ given by 


ßı—1 
wa@=v— >> fv), 


i=l 


where as before the parameters f; are adjusted so that the function v is not only 
equal to zero at all vertices but on all edges A;, i = 1,2,..., 8, — 1 as well. Then 
the function w is an eigenfunction supported on T U Ag,. This graph contains only 
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one cycle and this cycle has an odd length. As before the function m is equal to 
zero on all pendant edges. Repeating the argument we deduce that Ñ is supported 
by the unique cycle in T U Ag, but this cycle has odd length and therefore ý = 0. 
It follows that the multiplicity of the eigenvalue is 6; — 1 in this case. 

The proof for k = (1 + 2m)z, m ¥ 0 is almost identical. o 


The Lemma can easily be generalised for the case of not connected graphs by 
repeating the argument for every connected component. 


Lemma 24.5 The points à = 4n?m?, m = 1,2, .. . are eigenvalues of L* (T) with 
multiplicities 1 + 1. 


Proof We assume first that k = 2x. Then it is easy to construct 6; + 1 linearly 
independent eigenfunctions corresponding to this particular k, where g is the genus 
of T. Let us denote by w°(x, k) the eigenfunction given by 


w(x, k) = cosk(x — x2j-1), x € [x2j-1, x2;]. 


This function satisfies the differential equation on each edge, is continuous at all 
vertices (in fact it is equal to | at all vertices) and all normal derivatives are equal 
to zero, which implies that their sums at each vertex are also zero and the standard 
vertex conditions are satisfied. 

If T is not a tree, then it can be transformed to a tree T by removing exactly 
f, edges denoted without loss of generality by Aj, Az,..., Ag,. Let C; be the 
(shortest) cycle on T U A; passing A; in the positive direction. Note that every such 
cycle comes across exactly one removed edge. Consider the functions yi defined 
by 


Ti pa a sink(x — x2j—1), provided x eA; CG; 

0, otherwise; 

where the sign depends on whether the path C; runs along A; in the positive (+) or 
in the negative (—) direction. The function yy; is not only continuous along the path 
C; but its first derivative is continuous as well. 

Each function y; satisfies the eigenfunction equation, is continuous at all vertices 
(in fact equal to zero there) and the sum of normal derivatives at each vertex is zero 
(if the vertex is on the path C; then only two normal derivatives are different from 
zero but cancel each other, if the vertex is not on the path, then all normal derivatives 
are Zero). 

It is clear that the functions ~9, w!,..., wl are linearly independent and this 
implies that the multiplicity of the eigenvalue k is not less than 1 + 61. 

Repeating the arguments used in the proof of Lemma 24.4 one shows that the 
multiplicity does not exceed 1 + £1. The proof for A = (22m)? Pe ER See 
follows the same lines. o 


Our studies allow us to characterise the spectrum of any equilateral metric graph. 
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Theorem 24.6 Let L*(T) be the standard Laplace operator on a connected com- 
pact equilateral metric graph F obtained from the discrete graph G by assigning 
unit length to each edge. Then the spectrum {An = k2 aaa of the standard Laplacian 
L* (T) has the following properties: 


(1) Apart from the point kı = 0, the set nti is invariant under right shifts by 
2x. 
(2) The points kn inside the interval (0, 27) are situated symmetrically with respect 


to the centre of the interval, i.e. àn = ie is an eigenvalue if and only if 
(Qn — kn)? is also an eigenvalue. 

(3) The point 4; = 0 has multiplicity 1. 

(4) The points à = (2am), m = 1,2,... have the multiplicity 


Biı+1=2-x=N-M +2. 


(5) The number of eigenvalues inside each interval 
(mm), (m + Dr)®), m=0,1,... 
counted with multiplicities is equal to 
M — 2, if G is bipartite; 
(24.30) 
M — 1, otherwise. 
(6) The eigenvalues 
d= (1(2m + 1))*, m=0,1,... 
have multiplicity 
b+1=-x+2=N-—M 42, if Gis bipartite. 
(24.31) 


bj} -l1=-xy=N-M, otherwise. 


Proof All statements of the Theorem are straightforward corollaries of Theo- 
rem 24.1 and Lemmas 24.2—24.5. 


(1) This statement follows directly from formula (24.21) for generic eigenvalues 
of k and Lemmas 24.4 and 24.5 for k being integer multiplies of zr. 

(2) This is again a direct corollary of (24.21), since all eigenvalues in question here 
are generic, i.e. different from 17n?. 

(3), (4), and (6) are just reformulations of Lemmas 24.4, 24.2, and 24.5, respec- 
tively. 

(5) Lemma 24.3 implies that the averaging Laplacian has precisely M — 1 or 
M — 2 eigenvalues inside the interval (0, 2) depending on whether the graph 
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G is bipartite (M — 2) or not (M — 1). Then formula (24.21) implies that the 
standard Laplacian has the same number of eigenvalues inside each interval 
((mx)?, (m + 1x”), m=0,1,... 
(6) Lemma 24.4 describes the multiplicities of the eigenvalues (x (2m + 1))?. 
Oo 


Note that the theorem can be proved without any use of formula (24.21), this 
approach was developed in [333]. 

We are going to use these results to prove that an inequality between the standard 
and Dirichlet eigenvalues holds true for all equilateral bipartite graphs and for the 
majority of the eigenvalues if the equilateral graph is not bipartite. 


Equilateral Graphs and Dirichlet Eigenvalues Consider the Laplace operator 
defined on the functions satisfying Dirichlet conditions at all vertices. This operator 
is equal to the orthogonal sum of Dirichlet Laplacians on N independent intervals. 
Its spectrum will be denoted by n? (r). 


Let us discuss whether the inequality 
Waa, 0), (24.32) 


holds true, where àf‘ (T) are the eigenvalues of the standard Laplacians on PF. 


st 
m 
Lemma 24.7 Let T be an equilateral graph with N edges of length one, then 
the spectrum of L? (T) is given by the eigenvalues (xm)*, m = 1,2,... with 
multiplicity N. 


The proof is straightforward since L? (T) is given as the orthogonal sum of N 
Dirichlet Laplace operators on the intervals [0, 1]. Each such Laplacian has the 
spectrum (xm)?, m=1,2,.... 

So the first 2N Dirichlet eigenvalues are as follows 


AP =A? =. =D =m; 
Lo y (24.33) 


D D D 
Ana =An42 = 01° = Agy = 20. 


If the graph is not bipartite, then the first 2N + 1 eigenvalues of the standard 
Laplacian satisfy the following inequalities (Theorem 24.6): 


O=Hakt <asta...< gst < ys =...=),S —g- 

1 2 = = ^M M+1 N > 

ast Boca ce ast Wee LEN ast = 2 (24.34) 
T < AN+1 Si S AN+M-1 S ANM T t = ANa = 47 


It follows that inequality (24.32) is satisfied for all n = 1,2,..., N — 1, N + 
1,...,2N. Moreover, if n = N, then the inequality is violated. 

Considering higher eigenvalues, we see that the structure repeats and inequality 
is violated only for n = (2m + 1)N. For all other eigenvalues the inequality holds. 
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Assume now that the graph G is bipartite, then the first 2N + 1 eigenvalues of 
the standard Laplacian satisfy: 


0 = eu < ast <...< ast 2 rst See ast = 7: 
1 2 = = ^M-1 N+1 ’ 
ast BE cde ie ast ast CEEP AS ast —_ 2 (24.35) 
T < Ang. S00 SANAM- S 4N4M A = Aan = 47 


We see that (24.32) holds for any n = 1,2,...,2N and hence for any n € N. We 
have just proven the following theorem, first appeared in [349]. 


Theorem 24.8 Let I be a connected equilateral metric graph with N edges. Then 
inequality (24.32) between the eigenvalues for Dirichlet and standard Laplacians 
holds for any n if and only if the corresponding discrete graph G is bipartite. If 
G is not bipartite, then (24.32) holds for any n # (2m + 1)N,m = 0,1,..., 
moreover (24.32) is violated for n = (2m + 1)N, m=0,1,.... 


The theorem implies that for not bipartite G the portion of eigenvalues for which 
inequality is violated is 1/(2N). Moreover, it is easy to see that the inequality 
turns into equality for 4 = (mz)?, m = 1,2,... only. Approximately 2(N — M) 
eigenvalues out of 2N lead to equality in (24.32) (2(N — M) + 1 if G is not bipartite 
and 2(N — M) + 4 if G is bipartite). 


24.4 Isospectrality of Normalised and Standard Laplacians 


Let us discuss the relation between the isospectrality of standard Laplacians on 
equilateral graphs and the isospectrality of normalised Lapalcians on corresponding 
discrete graphs. It is clear that the standard Lapalcians are isospectral only if the 
generic eigenvalues of the normalised Laplacians coincide. On the other hand, 
isospectrality of standard Laplacians requires that the graphs have the same Euler 
characteristics, but normalised Laplacians could be isospectral on graphs with 
different number of cycles. 


Theorem 24.9 LetT; and G; be certain equilateral connected metric graphs and 
their discrete counterparts, respectively j = 1,2. The standard Laplacians on Y | 
and T> are isospectral if and only if the normalised Laplacians on G, and G2 are 
isospectral and the Euler characteristics of G; and G2 (equal to those of Tı and 
T2) are equal. 


Proof Assume that the standard Laplacians on Tı and T% are isospectral. The- 
orem 24.1 states that the generic eigenvalues of Ly(G,) and Ly (G2) coincide. 
It remains to check the extremal eigenvalues of the normalised Laplacian. The- 
orem 24.6 implies that the Euler characteristics are equal, hence looking at the 
multiplicity of the eigenvalue A = ((2m + 1)z:)? it is possible to determine whether 
the discrete graph is bipartite or not: multiplicity Bj + 1 = 2 — x implies that G is 
bipartite, multiplicity Bj — 1 = —y—+that G is not bipartite. In the first case we have 
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Lm (Ln(G)) = 2, in the second case uy (Ly(G)) < 2 is generic. The multiplicities 
of à = 0 are given by the number of connected components and are equal as well. 
We conclude that Ly (G1) and Ly (G2) are isospectral. 

Assume now that the two normalised Laplacians are isospectral and the graphs 
have the same Euler characteristics. As before we conclude that all generic eigen- 
values are equal and focus on the extremal eigenvalues. The Euler characteristic 
determines the multiplicity of A = (2mz)?. If u = 2 is an eigenvalue of the 
normalised Laplacians, then the graphs are bipartite and the multiplicity of à = 
((2m + 1))* is 61 + 1 = —x + 2, otherwise the multiplicity is 6; — 1 = —x. The 
multiplicities of à = 0 are determined by the number of connected components and 
are equal again. It follows that the standard Laplacians are isospectral. o 


The theorem implies that to get equilateral isospectral metric graphs it is enough 
to check all families of discrete graphs with the same spectrum of the normalised 
Laplacian and then keep only graphs with the same Euler characteristic. The list of 
graphs leading to isospectral normalised Laplacians can be found e.g. in [116, 479] 
(see also [141, 342]). 

Analysing the proof of the theorem one may notice that equality of Euler 
characteristics was used only to get equal multiplicities of the extremal eigenvalues. 
The reason for that is that for equilateral graphs formula (9.1) can be proven directly 
using the structure of the spectrum prescribed by Theorem 24.6. Particular values 
of the generic eigenvalues plays no role. 


Proof of Formula (9.1) for Equilateral Graphs Assume first that the graph F is 
connected. Let us denote by wo, j = 1,2,..., J the eigenvalues of L*(T) inside 
the interval (0, 27). Then the limit on the right hand side of (9.1) can be written as 
follows: 


2—2 lim a 1 — 2 cos kn /t + cos 2k,/t 
pze (kn/t)* 


kn #0 


—2cos2xm/t +cos4xm/t (24.36) 
(Qam/t? 


< 1 
= 2-2(1+ 61) lim J 
m=1 

a > > 1 — 2cos(w; + 2xm)/t + cos 2(w; + 2xm)/t 


((wj + 20xm)/t)? 


> 
too 


m=0 j=1 


where we used that all points k = 27m,m = 1,2,... have multiplicity 1 + 6) 
and the point k = O has multiplicity 1. The first limit can be calculated using 
formula (9.5). 
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To calculate the second limit let us use that the points œw; are situated symmetri- 
cally with respect to the center of the interval (0, 277) 


` y 1 — 2cos(w; + 2nm)/t + cos2(w; + 2mm)/t 
((@j + 2mm) /t)? 


i d 1 — 2 cos(m + wj /27)/(t/2r) + cos2(m + wj/27)/(t/27) 
9398) ((m + w;/21)/(t/22))? 

ja — 2cos(m + (2m — w;)/2m)/(t/27) + cos2(m + (2x — w;)/27)/(t/27) | 
(Gm + 2x — wj)/2m)/(t/2x))? 


_ 1 se > 1 — 2cos(m + wj;/2m)/(t/2m) + cos 2(m + w;/27)/(t/27) 
=- - z . 
E (im + 0/25) /(t/2x)) 
(24.37) 
We are going to prove that the last sum is equal to zero using the formula 
i(m+a)x 2 2mia 2 2 21a 
y a a aa (24.38) 
(m + a)? ] — e2mia el = e2mia)2 


meZ 


To prove this formula one may exploit the following idea: find a linear function 
f(x) = ax +b,0 < x < 2x, such that the series on the left hand side of the 
formula is exactly the Fourier series for f in the orthogonal basis e/*+”*, The 
function f is represented by the following almost everywhere converging Fourier 
series 


1 A 
FO = > D fme to, (24.39) 
ue meZ 
where 
20 , 
fn = / (ax + bye t) gy, (24.40) 
0 


The function f may be chosen equal to 


e2mia Im e2Tia 


LO) = S oria” a =? e2Mia)2* 


Then the Fourier coefficients are given by 


2 2ri ane 
j af ip a ee i 2re es e-i mta) gy — ee Leen 
"Jo MDS (1 — eria)? ara) 
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Thus formula (24.38) is proven and it implies in particular that 


D 


meZ 


_ JQei(mt+a)x zi e2i(m+a)x 
(m +a)? 


= 0, provided g ¢ Z. (24.41) 


Indeed, using (24.38) we have: 


_ Jel (m+a)x a e2i(m+a)x 
(m +a)? 


el (m+a)x eZ! (m+a)x 


=a Lap 

(m T a)? meZ, (m + a)? meZ, (m F a)? 
An) erie (2mr)7e27!@ 27e Tie 

= d = e2mia)2 2 qd _ e2mia)2 l= oria” 

(27) eie I e?it 

a — e2mia)2 a = eztia 


2x 


’ 


where to calculate the first sum we used that the series (24.39) at x = 0 converges 
to 5(f (+0) +e?! F (27 — 0)). It turns out that 


D 1 — 2 cos(m + a)x + cos 2(m + a@)x 


(m + a)? = 0, provided a ¢ Z, (24.42) 


meZ 


and therefore the second sum in (24.36) (the sum (24.37) ) is equal to zero. Finally 
we get 


2—2 lim 1 — 2cosky/t + cos 2k; /t 


oo Lo (kn/t)2 


1 
=2-2(1 +$); +0=1-ß1=x. 
Now it is straightforward to generalise this result to include not connected graphs to 
get (9.1). o 


Thus we have proven the formula for the Euler characteristic for equilateral 
graphs without any use of the trace formula. It might be important to find a similar 
proof for arbitrary graphs. Such an alternative to the trace formula approach may 
provide a new insight on the structure of the spectral asymptotics for L* (T). 


24.5 Spectral Gap for Discrete Laplacians 


The goal of this section is to derive elementary estimates for the spectral gaps 
of combinatorial and normalised Laplacians based on the methods developed for 
standard Laplacians on metric graphs (see Chaps. 12 and 13). Since the spectral 
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theory of discrete Laplacians has a long history, one may say that we return back and 
check how our ideas work in the discrete case. Our presentation here shall be limited 
since we are planning to discuss these questions in full detail in our forthcoming 
book with Delio Mugnolo and James Kennedy. We restrict our presentation to 
discussing what happens when edges are added and vertices are cut. It turns out 
that the answers have simplest form for combinatorial and normalised Laplacians, 
respectively. 


Adding Edges: Combinatorial Laplacian Our aim is to understand how the 
spectral gap—the difference between the lowest two eigenvalues u2 — 43 —changes 
when the discrete graph is getting larger. We are interested in “small” perturbation 
of the graph like adding one edge between two existing vertices or adding one 
pendant edge. All results will be proved for the combinatorial Laplacian L(G) 
given by (24.1), also their generalisation for the normalised Laplacian is often 
straightforward. 


The following statement is a direct analog of Theorem 12.11 for combinatorial 
graphs: 


Proposition 24.10 Let G be a connected discrete graph and let G’ be the discrete 
graph obtained from G by adding one edge between the vertices mı and m2. Let L 
denote the combinatorial Laplacian defined by (24.1). Then the following holds: 


(1) The first excited eigenvalues satisfy the inequality: 
M2(L(G)) < 2(L(G’)). 
(2) The equality 2(L(G)) = u2 (L(G")) holds if and only if the second eigenfunc- 


tion Yy on the graph G may be chosen attaining equal values at the vertices 
mı and m2 


YÍ (m) = WF (m2). 


Proof The first statement follows from the fact that 


L(G’) — L(G) = : : (24.43) 


is a matrix with just four non-zero entries. It is easy to see that the matrix is positive 
semi-definite, since the eigenvalues are 0 (with the multiplicity M — 1) and 2 (simple 
eigenvalue) and therefore L(G’) — L(G) > 0 which implies the first statement. 
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To prove the second assertion let us recall that u2(L(G”)) can be calculated using 
the Rayleigh quotient 


WLGY) (We LG) 


= L(G). 
ia a Wane AE 


u2(L(G)) = mi 


Here the trial function y should be chosen orthogonal to the ground state, i.e. having 
mean value zero. We have equality in the last formula if and only if y minimizing 
the first and the second quotients can be chosen such that (L(G’) — L(G))w = 0, 
i.e. Y (mı) = W(mz). In other words, the vector (W(m1), Y (m2)) can be chosen 
orthogonal to the eigenvector (1, —1) corresponding to the nonzero eigenvalue of 


the matrix es : 
—1 1 


Next we are interested in what happens if we add a pendant edge, that is an edge 
connected to the graph at one already existing node. 


oO 


Proposition 24.11 Let G be a connected discrete graph and let G' be another 
graph obtained from G by adding one vertex and one edge between the new vertex 
and the vertex mı. Then the following holds: 


(1) The first excited eigenvalues of the combinatorial Laplacian satisfy the follow- 
ing inequality: 


m(L(G)) > 42(L(G’)). 


(2) The equality 42(L(G)) = u2(L(G')) holds if and only if every eigenfunction 
We corresponding to [42(L(G)) on G is equal to zero at mı 


WF (m) = 0. 


Proof Let us define the following vector on G’: 


wy (n), on G, 
y(n) := G 1 

wy (mı) on G'\G. 
This vector is not orthogonal to the zero energy eigenfunction 1 ¢ C”*!, where 
we keep the same notation 1 for the vector build up of ones now on G”. Therefore 
consider the following nonzero vector y, which is obtained from ø by adding a 
certain constant c 


y(n) := p(n) +c. 
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Here c is chosen so that the orthogonality condition in /2(G’) = C™+! holds 
0 = (y, Dn) = (WY Yaw HYY (m1) + cM’, 
— au 
=0 
where M’ = M + 1 is the number of vertices in G”. This implies 


S _ wy (mı) 


F (24.44) 


Using this vector the following estimate on the first exited eigenvalue holds 
(LIGIY, V)LG’) 


Iv cen 


7 (LOYS, Vy diva) 
WE i) + eM + Iyf n) + 


m(L(G’")) < 


oe < m(L(G)), (24.45) 


where we took into account (24.10). The last inequality follows from the fact that 


(LIOS, YPI = H2(L(G)IWY lie 


and 
2 2 2 2 
IWS ling) HOM + Iyf m) +e? = WW lie: 


Note that we have equality if and only if c = 0 and We (mı) + c? = 0 
which implies We (mı) = O (even without assuming (24.44)). If there exists an 
eigenfunction Y$, such that we (m1) Æ 0, then the inequality in (24.45) is strict 
and we get 


[2(L(G)) > b2(L(G')). 


oO 


We see that the first excited eigenvalue has a tendency to decrease if a pendant 
edge is attached to a graph. It is clear from the proof that gluing of any connected 
graph (instead of one edge) would lead to the same result, provided there is just one 
contact vertex. If the number of contact vertices is larger, then the spectral gap may 
increase as shown in Proposition 24.10. 
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Note that a different proof of the first part of Proposition 24.10 may be found in 
[221], Corollary 3.2. In the same paper, a bit weaker claim related to the first part of 
Proposition 24.11 is provided as Property 3.3. 


Splitting Vertices: Normalised Laplacians The first question we would like to 
answer is what happens to the spectral gap when a vertex in a graph G is chopped 
into two vertices. The graph G obtained in this way has one vertex more than G. We 
shall answer this question for the normalised Laplacian L y. Recall that this question 
has already been addressed for standard Laplacians on metric graphs in Chap. 12. 


The same question for discrete graphs is slightly more sophisticated since 
chopping a vertex into two increases the number of vertices and therefore changes 
the Hilbert space where the discrete Laplacian is defined. 


Proposition 24.12 Let G be a connected discrete graph and let G be another graph 
obtained from G by chopping one vertex into two, then the first excited eigenvalues 
of the normalised Laplacian satisfy the following inequality: 


y2(Ln(G)) > w2(Ln(G)). (24.46) 


Proof The theorem is an easy corollary of the following two theorems: 


e Theorem 12.9 describing behaviour of the spectral gap when two vertices in a 
metric graph are joined together; 

e Theorem 24.1 describing the relation between the generic eigenvalues of the 
standard Laplacian on an equilateral metric graph I and of the normalised 
Laplacian on the corresponding discrete graph G. 


Nevertheless, we present here an alternative direct proof. 

Let us denote by V° the vertex that is chopped and by V” and V°?” the two 
new vertices in G, so that the following relation for the corresponding degrees holds 
dọ = dh + dy . Consider the eigenvector y2 corresponding to W2(Ly(G)). Let us 
introduce the following vector on G 


yo(V""), m Æ 0, 
aVv™ = l a', v” = yo" (24.47) 
a! yn = yo". 


The parameters a’ and a” will be chosen so that the Rayleigh quotient does not 
change. It is natural to introduce the notation W2(V°) = a. Consider first the 
difference between the quadratic forms given by (24.10) on G and G respectively, 
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assuming without loss of generality that y⁄ is real valued 


(Lit, it)» e) — (Ln W2, ¥2) 2G) 


2 2 
1 1 1 1 
= So |V- a} + A |N") — aa" 
vaxa yo! van Ji vn~g yor vdn dy 
2 ( Lpy j= i 
z ea snag 
yrgyo Van vdo 


2 N\2 2 al ; ES n 
= (a)? + (a"}? — a? T > FEW) 


~a yo? 
Vinev 


-2 a "Sven, a qv 


+e gat p23 sv: 


We use now that yy is an eigenvector and in particular the eigenvector equation 
holds for m = 0 


TE, p> Fa VAY") = mEn (Ga 


neve Van 


= Jdo(1 — u2(Ly(G)))a. 


> È 7 


Ving yo Wan 
We continue with the difference between the quadratic forms 


(Ê nû, fi)» @) — (Ln 2, W2) e006) 
= (a)? + a" — a? +20 = p)a? — 2% (1 — m)aa' 


(4 (24.48) 


+2 va, 2). 


d 
Jd Ja V'~G 2 Tai 


Since it is hard to control the sum ae yo’ Jr", let us assume that the 
G n 


coefficient in front of it vanishes: 


=0 (24.49) 
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Under this condition the difference between the quadratic forms is given by 


(Ô nû, fi)» @) — (Lr, Wohe) = @’Y + @")? — a? +20 = pa)? 


va 


=2 
|d! 


(1 — u2)aa". (24.50) 
0 


The second equation on a’, a” (in addition to (24.49))is obtained by requiring that 
û is orthogonal to the ground state eigenvector y1 (V”) = /dn 


(8, Wee) = (Wa Wide) — Vdoa + [dha + fafa", (24.51) 


where y is the ground state for G. Taking into account that (W2, W%1)¢,(G) = 0 we 


shall require that 
doa’ +,/dja” = y doa. (24.52) 


The system of linear equations (24.49) and (24.52) is easy to solve 


vdo (24.53) 


It follows in particular that 
(aP ++ (a? = a. (24.54) 


With these values of a’ and a” the vector a is admissible and its Rayleigh quotient 
gives an upper estimate for the 2(Ly(G)) 
(Lua, û) eô) 


~ 2 
P 
2(G) 


m2(Ln(Ĝ)) < (24.55) 


It turns out that with chosen a’ and a” both the quadratic form and the norm remain 
the same (24.54): 


(Lyit, û) e @) = (Ln 2, ¥2)e(G)» 


^ 12 = 2 
| å ee) = || 2 lio , 
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Since wy is an eigenfunction, it holds (Ly Y2, W2)e.(G) = H2(Ln(G)) || Y2 Nix) 
and (24.46) follows. 


Remark if W2(V°) = 0, then the constructed function û is an eigenvector for the 
Laplacian on G with the same eigenvalue. Most probably this statement can be 
generalised. 

We are ready to prove the main result of this section 


Theorem 24.13 (Fiedler) Let G be a connected discrete graph, then the spectral 
gap for the normalised Laplacian Ly(G) satisfies the following lower estimate 


H2(Ln(G)) = 1- cos(©), (24.56) 


where N is the number of edges in G. 


Proof We start by doubling all edges in the original graph G. Let us denote the 
corresponding graph by G*. The new normalised Laplacian Ly (G°) just coincides 
with Ly (G) and therefore t2(Ly(G?)) = [2(Ly(G)). 

All vertices in G* have even degrees and therefore there exists an Eulerian path 
P - any closed path going along each edge precisely once. This path can be seen as 
a loop obtained by chopping vertices in G?. As we have proven (Proposition 24.12) 
chopping the vertices does not increase the spectral gap. Thus we have 


y2(L(P)) < W2(Ln(G*)) = p2(Ln(G)). (24.57) 


To prove the theorem it remains to note that 


u2(Ly(P)) = 1 — cos = (24.58) 


It is clear that every eigenfunction of Ly (P) is quasi invariant: 
yV”) = y (V z", 


where z is any 2N-th root of 1 : zj = exp{i Ñ J}, J = 0, 1,...,2N — 1. Substituting 
into the eigenfunction equation 


1 
(Lyw)(V") = yV”) — z & + 1/2) WV") = uy (V") 
gives the following values of jz 
(Ly (P)) = 1 — cos —(j — D, j=0,1,2,..., N 


where all eigenvalues except the lowest and the largest, that is u = 0,2, have 
multiplicity 2. (All together there are 2N eigenvalues.) The two lowest eigenvalues 
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are 
yi (Ly(P)) =0 and (Ly (P)) = 1 — cos = 


and the spectral gap is given by (24.56) o 


Let us prove that the estimate is sharp. Consider the chain graph Gy formed by 
M + 1 vertices V?, V',..., VN consequently connected by N edges (like a chain). 
Then the first eigenfunction for the normalised Laplacian is given by 


igs, m=0, 
Wo(V™) = } cos =m, m=1,2,...,N—1, (24.59) 
—1//2, m=N. 


The corresponding eigenvalue is 442 = 1 — cosm/N, where N is the number of 
edges. 


Problem 104 Calculate the spectrum of the complete graph K3 formed by three 
vertices connected. Use both combinatorial and normalised Laplacians. What is the 
connection between their spectra? 


Problem 105 Generalise the previous problem and calculate the spectrum of an 
arbitrary complete graph Km. What is the reason that the spectrum is highly 
degenerate? Both combinatorial and normalised Laplacians should be considered. 


Problem 106 Prove counterparts of Propositions 24.10 and 24.11, now for the 
normalised Laplacian. 


Problem 107 What is the analog of Theorem 24.13 for the combinatorial Lapla- 
cian? 
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More Metric Graphs 


Mathematical and physical literature devoted to differential operators on graphs is a 
rapidly growing cloud with hardly well-defined boundaries. Moreover, the day after 
the book will be published the list will need to be extended. Therefore let me just 
mention here few names and several directions that have not been covered by the 
book, but which are important in my very personal opinion. 

First of all let me point out three important directions that have been discussed 
in particular in Chaps. 12, 13, and 24 without aiming to provide a comprehensive 
account of all results: 


e Spectral estimates 


— multiplicity of the eigenvalues [279, 360, 394, 428, 493, 494], 
— spectral asymptotics [20, 22, 101, 126, 131, 131, 147, 157, 197, 298, 363], 
non-dissipative eigenvalue dependent vertex conditions [490], 

— explicit estimates [30, 32, 87, 88, 107, 290-292, 294, 423, 448], 

— behaviour of the ground state [187, 193, 354, 371]; 


e Equilateral metric graphs and normalised Laplacians 


— equilateral Laplacians [127, 129, 131, 141, 488], 
— equilateral graphs with potential [368, 418, 422], 
— spectra of Platonic solids [198]; 


e Isospectral graphs 


— Sunada construction [254, 478], 

— for normalised Laplacians [48, 108, 114-116, 146, 253, 377, 467], 

— for metric graphs [53, 55, 56, 96, 141, 216, 217, 252, 275, 342, 355, 415, 454, 
464, 489]. 


The reason not to mention these topics in the book is two-fold: on the one hand 
we are planning to write an extended review and a book investigating two of these 
areas; on the other hand it seems that studies in these directions are far from being 
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accomplished. Therefore the book focuses just on a few important ideas that can be 
used to pursue these studies. 

There are also areas of research connected with spectral theory of metric graphs 
that have not been touched at all. These areas either have been already covered in 
the monographs mentioned in the introduction or are left for specialists to explain 
recent progress in these areas: 


e Zeta-functions on graphs 


— trace formula [59, 61, 93, 94, 230, 314, 396, 455, 484, 504, 505], 
— zeta-functions [145, 228, 262, 264, 265, 281, 370, 396, 481-483]; 


e Semigroups and heat kernels 


— semigroups [121, 313, 315, 393, 495, 496], 
— heat kernels [95, 145, 154, 155], 
— Brownian motion [316-318]; 


e Inverse problems 


— in addition to already cited references see [122, 130, 141, 155, 178-180, 252, 
392, 427, 453, 489], 

— using spectral mapping [509, 510], 

— inverse source problems [38, 39], 

— Stieltjes strings [430] and later references by the authors; 


e Chaos and nodal domains 


— Neumann domains, nodal statistics [26, 27, 54, 57, 58, 60, 77, 78, 80, 229, 260, 
261, 415], 

— chaos on metric graphs: starting with the pioneering work [320], see also [83- 
85, 287, 288, 321, 322, 361, 362, 366, 416, 432, 475, 480]; 


e Exotic vertex conditions 


— general vertex conditions [499], 

— anti-standard conditions [186, 497, 498], 

— spectral monotonicity [450], 

— with preferred orientation [62, 199, 207, 208, 215], 

— Krein-von Neumann extensions [395], 

— decorated graphs [112, 466], 

— approximations of general vertex conditions [119, 138-140, 190, 194, 200, 
201, 203, 204, 209, 296]; 


e Operators on graphs as approximations 
— fat graphs [194, 202, 296, 330, 435-438]; 
e Non-linear problems 


— see collection [407] as well as [1—8, 102-104, 120, 167-174, 468]; 
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e Random operators [14] 


— random potential [10-13, 16-19, 211], 
— random edges [15, 17, 18, 300, 312, 417, 419], 
— random vertex couplings [299]; 


e Higher order operators [162—164, 247, 248, 340, 341, 404, 405]; 

e Non-Hermitian operators, especially non-Hermitian vertex conditions [49, 177, 
246, 276, 278, 291, 323, 339, 444]; 

e Infinite graphs 


— general [123, 125, 127, 128, 210, 214, 240, 251, 303, 304, 306-308, 491, 492, 
500], many results are nicely summarised in the recent monograph [305], 

— discrete graphs [289], 

— infinite trees [161, 213, 449], 

— quasi-periodic [420, 421], 

— spectrum and eigenfunction expansion [111, 369], 

— fractals [28, 31, 439, 440, 477, 481-483] especially the books [297, 476]; 


e Applications to concrete physical models: 


— graphene [64, 65, 158, 222, 329, 406], 

— blood flow [124], 

— nerve impulse transmission [398], 

— population dynamics [128], 

— solid state in magnetic field [65, 110, 113, 117, 118]. 


Selected special topics in spectral analysis of metric graphs: 


e finite speed of wave propagation [319], 

e graph as a time [277], 

e higher dimensional complexes [401-403], 

e hot-spot conjecture [293], 

e leaky graphs [189, 192], see other paper by P. Exner, 
e multichannel equations [21, 378], 

e Pleijel’s theorem [270], 

e semiclassics [24, 25, 142-144], 

e spectra of compact graphs and scattering [195, 196], 
e spectral minimal partitions [268, 269, 295], 

e experiments with microwave networks [274, 275, 361-366]. 


The reference list above is not aimed to provide a complete account of all 
research articles devoted to the spectral theory of metric graphs, the aim is to give 
readers possibility to navigate in the literature, find interesting topics and indicate 
the names of researchers involved in the studies. I apologise in advance for all 
missing and incomplete references. 
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Ma detta vara nog. Och vill du nå ditt liv 
genom att läsa mer, fundera själv — och skriv! 


Bo Setterlind 
(1923-1991) 
Inspired by 


Freund, es ist auch genug. Im Fall, du mehr willst lesen, 
so geh und werde selbst die Schrift und selbst das Wesen. 


Angelius Silesius 
(1624-1677) 


Friend let this be enough. If thou wouldst go on reading. 
Go thyself and become the writing and the meaning. 
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